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Glossary of Terms  
 
Allocation  Partitioning the input or output flows of a process or a product system between the 
product system under study and one or more other product systems.  
 
Anthropogenic  
 
Derived from human activity; anthropogenic emissions typically refer to those from 
fossil sources.  
 
Biogenic  
 
Derived from biomass; biogenic emissions have uptake and release within 100 
years.  
  
Co-product  Any of two or more products coming from the same unit process or product system.  
 
Critical review  Process intended to ensure consistency between a life cycle assessment and the 
principles and requirements of the International Standards on life cycle assessment.  
 
Fossil  
 
Refer to Anthropogenic  
Functional unit  Quantified performance of a product system for use as a reference unit. 
 
Input  Product, material or energy flow that enters a unit process.  
 
Impact category  Class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned.  
 
Life cycle assessment  Compilation and evaluation of the inputs, outputs and the potential environmental 
impacts of a product system throughout its life cycle.  
 
Life cycle impact 
assessment  
Phase of life cycle assessment aimed at understanding and evaluating the 
magnitude and significance of the potential environmental impacts for a product 
system throughout the life cycle of the product. 
 
Life cycle 
interpretation 
Phase of life cycle assessment in which the findings of either the inventory analysis 
or the impact assessment, or both, are evaluated in relation to the defined goal and 
scope in order to reach conclusions and recommendations.  
 
Life cycle inventory 
analysis 
Phase of life cycle assessment involving the compilation and quantification of 
inputs and outputs for a product throughout its life cycle.  
 
Lower heating value  A measurement of the heat of combustion, i.e. heat released during combustion of a 
fuel. The lower heating value assumes that the latent heat of vaporisation of water 
in the fuel is not recovered, unlike the upper heating value.   
  
Normalisation  Optional element relating all impact score of a functional unit to the impact scores 
of a reference situation.  
 
MRF  
 
A material recovery facility processes waste using equipment and manual handling 
to recover materials for recycling and reprocessing.  
  
MRF residual waste  
 
The material processed through the MRF that is not accepted as recyclate, and 
typically sent to landfill. 
  
MSW  
 
MSW is a general term for waste that is generated from households  
Output  Product, waste material or energy flow that leaves a unit process.  
 
Process  Set of interrelated or interacting activities that transform inputs into outputs.  
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Recyclate  Recovered and separated recyclable material from the MRF, able to be reprocessed 
into new products.  
 
Refuse derived fuel General term for waste used a fuel that may be from a thermal pre-treatment, 
mechanical heat treatment or is MRF residual waste.  
  
Residual waste  
 
General term for a waste stream leftover from a processing facility. 
  
Sensitivity analysis  Systematic procedures for estimating the effects of the choices made regarding 
methods and data on the outcome of a study.  
 
System boundary  Set of criteria specifying which unit processes are part of a product system.  
 
Thermal treatment  
 
General term for waste management by combustion (with energy recovery), not 
specific to different technologies.  
 
Transfer coefficient  Fraction of the total amount of an input substance ending up in the air, the water, 
the soil or in the solid outputs.  
 
Uncertainty analysis  Systematic procedure to quantify the uncertainty of the characterised results, due to 
the effects of model imprecision, input uncertainty and data variability.  
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Shortened Forms: Abbreviations, Contractions, Acronyms, Initialisms and Symbols 
   
ACT  Australian Capital Territory 
AP Acidification Potential  
BAU Business-As-Usual 
BOD  Biological Oxygen Demand  
C&D  Construction & Demolition 
C&I Commercial & Industrial  
CCP Climate Change Potential  
CH4 Methane  
CO2 Carbon Dioxide  
COD  Chemical Oxygen Demand  
DOC  Degradable Organic Carbon  
DOC Dissolved Organic Carbon (water emissions)  
DOCf Fraction of Degradable Organic Carbon  
EP Eutrophication Potential  
FOD First Order Decay  
IPCC Intergovernmental Panel on Climate Change  
HDPE  High Density Polyethylene  
IPCC International Panel of Climate Change  
LCA Life Cycle Assessment 
LCI Life Cycle Inventory  
LCIA  Life Cycle Impact Assessment  
LHV Lower Heating Value  
MC Monte Carlo  
MRF  Materials Recovery Facility  
MSW Municipal Solid Waste  
NMVOC Non-Methane Volatile Organic Compound 
NPI National Pollutant Inventory  
NSW  New South Wales  
NT  Northern Territory  
OF Oxidation Factor  
P Plant 
PET  Polyethylene Terephthalate 
POP Photochemical Oxidation Potential  
PU Polyurethane 
PVC Polyvinyl Chloride 
SA South Australia 
SO2 Sulfur Dioxide  
SWDS  Solid Waste Disposal Service  
TOC Total Organic Carbon  
VOC Volatile Organic Compound 
WA Western Australia  
WMH  Waste Management Hierarchy  
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Abstract  
 
Excessive waste generation caused by exponential growth in resource use for the production of 
consumer goods, electronics and packaging has placed a growing burden on waste management 
globally. In addition, commodity prices for materials including virgin paper and crude oil have 
slumped, lowering the value of recyclate, and presenting new challenges for the Australian waste 
and recycling industries. In Victoria, total waste generation is approximately 9.3 million tonne 
per annum, with approximately 23% from municipal solid waste (MSW), 33% from commercial 
and industrial, and 32% from construction and demolition. Diminishing landfill capacity adds to 
the pressure faced by government to consider alternative waste management put forward by 
industry. The Victorian Government are currently deliberating their position to incorporate 
thermal treatments for its MSW management, and are expected announce a position in 2018. 
The Western Australian Government position supports the use of thermal treatments, and there 
are three plants are under construction to manage MSW and residual waste from material 
recovery facilities (MRFs) instead of landfilling. MRF residual waste is not currently 
economically feasible to be efficiently separated for further processing and is neither re-used nor 
recycled. Therefore, it is considered an appropriate feedstock for thermal treatments in respect 
to the waste management hierarchy. Interpretations of the waste management hierarchy mean 
thermal treatments can even be considered as resource recovery, rather than disposal. The 
classification of thermal treatments (with energy recovery) as resource recovery rather than 
disposal is an area of debate. In the context of this thesis, the analysis of results found that the 
waste management hierarchy is not a valid tool to predict environmental performance for MRF 
residual waste. 
The management of MRF residual waste in landfill, incineration and gasification-pyrolysis in 
Victoria, Australia, was assessed using a life cycle assessment (LCA). In the LCA model, the 
Victorian electricity grid was avoided by electricity produced by landfill gas combustion, 
thermal turbine and synthetic gas engine, and found incineration of MRF residual waste to have 
the highest electricity production potential, followed by gasification-pyrolysis, and lastly 
landfill. The LCA model was used to calculate the potential environmental impacts of 
acidification (AP), climate change (CCP), eutrophication (EP) and photochemical oxidation 
(POP). The LCA results show that landfilling of MRF residual waste minimises AP and CCP, 
whilst incineration minimises EP and POP. When comparing just the thermal treatments, 
incineration outperforms gasification-pyrolysis for all potential impacts. A dimensionless, 
weighted, normalised, single-score result is lowest for landfill, followed by incineration, and 
lastly gasification-pyrolysis. The baseline results were compared to scenarios developed for 
sensitivity analyses, and in some circumstances the directional outcomes change. For instance, 
landfilling no longer has the lowest AP, when the incineration system includes a credit from 
recovered heat as thermal energy. Additionally, landfilling no longer has the lowest CCP, when 
MRF residual waste has very high fractions biomass-based waste (e.g., food, paper, garden etc.). 
However, landfilling of the baseline MRF residual waste was found to have the lowest GHG 
emissions regardless of the exclusion of electricity credits, and of the GHG accounting methods 
used to measure biogenic carbon dioxide. This research is significant because waste management 
in Victoria is now considering thermal treatment options, due to perceived environmental 
benefits. Policy changes to waste management systems will benefit from this independent and 
evidence-based research.  
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1. Introduction  
This chapter introduces the research background, rationale, research questions, objectives, 
approach, scope, and outlines the layout of this thesis into relevant chapters.  
1.1 Background  
Municipal solid waste (MSW) is made up of garbage, recycling and green waste streams 
generated from households. The management of MSW in the state of Victoria, Australia, is a 
system that includes the kerbside collection and separation of recyclate that is processed through 
municipal recovery facilities (MRFs). This management system is a commercial operation, 
selling recyclate (Smith, O'Farrell & Brindley 2012), both locally and internationally, for 
products such as glass, aluminium, plastic and paper. In this thesis, the material that is not 
recovered through the MRF for recycling is termed as MRF residual waste, as shown in Figure 
1-1, and is managed through landfill operations. The MRF residual waste contains non-
recyclable materials and recyclable materials that are unable to be extracted due to objects’ 
physical forms (Screen Australia 2017). The re-use, reprocessing and recycling for MRF residual 
waste is not feasible due to the costs associated with the additional reprocessing needed to meet 
end market specifications, and so landfill is used to manage MRF residual waste. 
MSW 
Recycling 
Collection & Transport 
Material Recovery Facility
Recyclate 
Residual to Landfill  
Figure 1-1: Schematic of the MSW recycling system in Victoria. The actual recycling system 
is more complicated, with collection and transport occurring between different MRFs.  
Environmental concerns around landfilling mostly include the degradation of biomass. For 
example, food waste is the largest biomass waste type, then paper, going to landfill in Australia 
(Commonwealth of Australia 2010); and contributes to greenhouse gas (GHG) emissions via 
degradation to methane and carbon dioxide (Commonwealth of Australia 2010; Department of 
the Environment 2014).  
Thermal treatment technologies are being introduced in Australia for the purpose of managing 
MRF residual waste and other solid wastes including MSW garbage. The position statement 
from the Western Australia Waste Authority (2013) is that residual waste is better managed in 
incineration (with energy recovery) than in landfill because of electricity production potential 
and minimisation of solid waste. In Western Australia (WA), two gasification plants and one 
incineration plant are under construction, with the proponents citing environmental benefits 
(Douglas 2014; New Energy 2014, 2016), but do not report on limitations or sensitivities around 
the scopes or details of key assumptions. The waste management hierarchy (WMH) is a tool that 
ranks waste management options in order of general environmental desirability. The WMH 
generally considers waste management options in order of most preferred to least preferred by: 
re-use, reprocessing, recycling, thermal treatment (with energy recovery), and lastly landfilling 
(NSW EPA 2015). Thermal treatment of waste can be considered a recovery option in relation 
to the WMH (Western Australia Waste Authority 2013). Using that interpretation of the WMH, 
Western Australia Waste Authority (2012) expects to increase resource recovery by managing 
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waste in thermal treatment in WA, with a 65% waste-from-landfill diversion in metropolitan 
areas by 2020. In Victoria, Visy (a major manufacturing and recycling company), opened an 
incinerator in 2011, to manage residual paper seconds rejected from its waste paper recycling 
plant, not MRF residual waste (Business Environment Network 2011). More recently in 
Victoria, a proposed incinerator to manage 650,000 of MSW garbage claimed that the system 
would avoid 500,000 tonne of carbon dioxide per year because the recovered heat would directly 
avoid combusted natural gas (Lazzaro 2017). The Victorian Government is yet to release a 
position statement the use of thermal treatment technologies as an alternative to landfill to 
manage residual waste and MSW (DELWP 2017), however, this is expected in 2018. In New 
South Wales (NSW), an incinerator is being considered to manage residual waste termed refuse 
derived fuel (RDF) (Energy Australia 2017). The RDF is described as material originating from 
MSW which is not feasible for further material reprocessing and includes paper, plastic, textiles 
and other organic matter which does not have a consistent composition or source (Luger 2017). 
It is unclear if RDF is purely MRF residual waste, or a combination of different waste streams.  
Another consideration for investigating alternative thermal treatments is in relation to the 
financial stability of MSW industries in Australia, and its interdependencies on international 
trade. In 2016, China was the largest importer of recyclate from Australia and imported 
approximately 28 million tonne of paper recyclate, 10 million tonne of plastic recyclate, 2000 
tonne of glass and 2.4 million tonne of iron, and steel recyclate, with a total value of $US 10.6 
billion (UN Comtrade 2017). However from 2018, China has restricted imports on recyclate, in 
an effort to protect the environment and improve public health (The Economist 2017). The 
impact of China’s recyclate restrictions in Victoria was felt from January, 2018; with some waste 
contractors in regional Victoria ceasing to collect MSW recycling, and others stockpiling 
(Mannix & Cuthbertson 2018). Previously, in 2013, China introduced the trial of the ‘Green 
Fence’ environmental policy in an effort to stop poor quality recyclate entering the country, 
limiting all recyclate to 1.5% contamination (Earley 2013). In 2014, waste paper imports to 
China from Australia dropped (Industry Edge 2014) by 13.5% compared to 2013, and 15.8% 
compared to 2012 and resumed their normal import flows from 2015 (UN Comtrade 2017) after 
the Green Fence policy trial. More recently, commodity prices for crude oil have slumped from 
above $US 100 in 2014 to $US 42 per barrel in 2016, increasing financial pressure on the 
recycling industry (Weiss 2016) by driving down costs associated with producing virgin plastic 
(Greber 2016). In Australia, the value of waste plastic has dropped to approximately $AUD 20 
per tonne in 2017 from previous highs of $AUD 200 (Australian Broadcasting Corporation 
2017). In addition to international pressure on the MSW industries, a number of Australian state 
governments, including those of WA, Queensland and NSW, are introducing container deposit 
schemes (CDS) in late 2017 and 2018 (Moore 2016; Needham 2015; O'Connor 2016) that 
incentivises centralised collection of containers outside the MSW recycling process. It is not 
known what the impact the introduction of CDS is to have on the recyclate and residual outputs 
from traditional MRFs. Although the CDS was rejected by the Victorian state government (Dow 
2015), activity from interstate could impact the quantity and composition of MRF residual waste 
in Victoria. Thus, an active interest in thermal treatments from state governments in Australia, 
in addition to concerns regarding the stability of the waste and recycling industries, indicate the 
urgency to properly assess the management of MRF residual waste.  
1.2 Rationale  
The context of this research is in better understanding the potential environmental impacts of 
using thermal treatment as an alternative to managing waste in landfill because there is interest 
from state governments and waste industries in Australia. Incineration and gasification-pyrolysis 
may be considered to manage MSW in Victoria, if circumstances arise where those in the 
decision-making framework are in agreement. MRF residual waste is a potential feedstock for 
thermal treatments and is derived from MSW. Therefore, the case study for this thesis is to assess 
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environmental impacts of MRF residual waste comparatively in landfill, incineration and 
gasification-pyrolysis.  
1.3 Research Questions  
The research questions formed are:  
1. What is the environmental performance according to a life cycle assessment of 
residual waste from material recovery facilities (MRFs) treated in landfill compared 
to thermal treatment alternatives in Victoria?  
 
2. What are the major sensitivities that underpin environmental performance of these 
systems? 
 
3. How appropriate is the waste management hierarchy as a tool for environmental 
waste management policy?  
1.4 Goal and Objectives  
The goal of this thesis is to evaluate and compare the environmental impacts of alternative 
thermal treatments processing MRF residual waste in Victoria. By doing so the following 
objectives are to be addressed:  
• The development of a baseline model of existing waste management systems, including 
all inputs and outputs from transportation, reprocessing and waste treatment in landfill.  
• The development of alternative waste management systems models (including 
gasification-pyrolysis and incineration with energy recovery for electricity production) 
against the baseline model of landfill.  
• To assess and compare the environmental performance of these three waste 
management systems. 
• To undertake a sensitivity study to investigate the robustness and variability in 
environmental performance outcomes of the alternative waste management systems. 
The outcomes from this research will serve as independent evidence to support government 
policy into alternative waste management using thermal treatment. This research can be expected 
to provide independent, evidence-based research into the environmental performance of 
incineration and gasification-pyrolysis technologies in the context of regional sensitivities to 
Victoria, Australia. 
1.5 Approach  
A life cycle assessment (LCA) methodology is used to assess environmental impacts of thermal 
treatment alternatives in comparison to landfill. LCA is a scientific methodology to measure and 
assess the environmental performance of a product or service (International Standardization 
Organization 2006a). The LCA model was developed to best reflect geographical and 
technological sensitivities in Victoria, Australia. The central themes are waste management in 
Victoria, waste management technologies and LCA. This thesis examines the existing 
contributions made from industry reports, government reports and academic literature.  
1.6 Scope of Thesis  
The scope of this thesis is limited to assessing the potential environment impacts of managing 
MRF residual waste in Victoria. The social and economic aspects of the systems are outside of 
the scope. The systems assessed in this thesis are: 
• landfill (business-as-usual, BAU)  
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• incineration (with production of electricity)  
• gasification-pyrolysis (with production of electricity).  
The functional unit provides the means to quantify the functional performance characteristics of 
the systems (International Standardization Organization 2006a). For this thesis, the functional 
unit is defined as the management of 45,000 tonne of MRF residual waste. The functional unit 
value is approximately equal to the mass flow of MRF residual waste directed to landfill under 
MSW recycling in Victoria over one reference year, 2013-2014. The potential impacts are 
limited in the first 100 years after the environmental flow occurs across all indicators. 
The system boundary, Figure 1-2 shows the processes included and excluded in the LCA. 
Processes within the system boundary are:  
• transport from kerbside to MRF (general assumption for state average)  
• MRF processes (fuel and electricity inputs)  
• transport from MRF to waste treatment systems (general assumption for state average) 
• landfill system 
• incineration system  
• gasification-pyrolysis system 
• Victorian electricity grid production  
• infrastructure associated with each system. 
Background processes not shown in the system boundary but included are: 
• natural gas extraction and supply  
• fossil fuel extraction and processing (transport fuels). 
The processes associated with materials that become MRF residual waste that are excluded from 
the study are: 
• raw material extraction  
• processing and manufacture  
• distribution  
• consumer use phase.  
Also excluded are capital equipment, maintenance and human labour. The exclusion of these 
processes were justified in a similar study by Durlinger, Crossin and Wong (2013) due to 
similarities between the alternative and baseline systems. The human labour associated with 
processes and workplaces are excluded, based on the premise that food consumption of the 
workers, their energy use for shelter and transportation are independent of the activities within 
the system boundary (i Canals et al. 2007). 
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Figure 1-2: System boundary of baseline and alternative systems for life cycle assessment 
model 
1.7 Thesis Layout  
This thesis is divided into seven chapters: 
1. Introduction.  
 
2. Literature Review. To review the existing body of knowledge in relation to WMH, 
waste in Victoria, alternative waste management technologies, LCA theory, and 
LCA studies of waste management systems.  
 
3. Methodology. To outline the approach taken to develop the inventory data for MRF 
residual waste, the LCA method used to quantify the environmental performance, 
and data quality assessment. 
 
4. Results. To present the LCA results to address the research questions.  
 
5. Discussion. To analyse and discuss to how the results have informed the outcome, 
whilst identifying its limitations.  
 
6. Conclusion. To present the conclusions drawn from results and discussion.  
 
7. Future Work. To present areas of interest for future research.  
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2. Literature Review 
 
This chapter reviews the existing body of knowledge including to waste management hierarchy 
(WMH), waste in Victoria, waste management systems, life cycle assessment (LCA) theory, 
LCA studies of waste management systems, inventory for the model and particular areas of 
interest. Figure 2-1 shows the order of the literature review and how sections interconnect. 
Through this review, gaps in knowledge, which form the basis for the aims and objectives of 
this research are identified. 
 
Figure 2-1: Chapter 2 visual map showing the order of the literature review and 
interconnecting sections  
2.1 Waste Management Hierarchy  
The WMH, shown in Figure 2-2, is a tool often used to evaluate waste management options 
based on the hierarchical order of most preferred to least preferred. The general priorities are: 
reduce, recover and dispose; and options within those priorities are listed in hierarchical order: 
avoid, reuse, recycle, thermal treatment with energy recovery and landfill. Each Australian state 
government has its own version of the WMH, but all place energy recovery above disposal in 
landfill (Department of Environment 2009; EPA Victoria 2017b; NSW EPA 2015; Office of 
Green Industries SA 2015; Queensland Goverment 2014; Western Australia Waste Authority 
2013). The WMH is typically used as a guide in addition to other assessments. However, the 
Western Australia Waste Authority (2013), in its position description, outlines specifically that 
residual waste is better managed in incineration (with energy recovery) than disposal in landfill 
because of electricity production potential and minimisation of solid waste. Further details of 
the three thermal treatment plants in WA are presented in Section 2.4. The classification of 
incineration (with energy recovery) as recover rather than dispose has been subject to 
disagreement (Bell & Bremmer 2013).  
2.1 Waste 
Management 
Hierarchy
2.3 Waste 
Management in 
Victoria
2.2 Waste 
Management in 
Victoria
2.4 Thermal 
Treatments in 
Australia
2.5 Life Cycle 
Assessment
2.6 Waste 
Management LCA 
Research
2.8 Landfill LCI
2.7 MRF Residual 
Waste
2.10 Gasification-
Pyrolysis LCI
2.9 Incineration 
LCI
2.11 Electricity 
Credits 
2.12 Greenhouse 
Gas Accounting
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Figure 2-2: Waste management hierarchy adapted from NSW EPA (2015) 
The validity of the WMH for use as a tool has been well researched. Finnveden et al. (2005) 
present the WMH as is shown in Figure 2-2 and discusses that although the first priority, reduce, 
is not contested, the remaining options below that are subject to debate. Internationally, there is 
disagreement about the classification of energy produced from thermal treatments as renewable 
(Finnveden et al. 2005). In Australia, the Renewable Energy (Electricity) Act 2000 defines 
biomass-based components of MSW as renewable (Commonwealth of Australia 2016b). The 
findings from the LCA based in Sweden comparing managing mixed waste of food, mixed paper 
and plastic through recycling, incineration and landfill found that the WMH is valid as a rule of 
thumb (Finnveden et al. 2005). However, there are significant differences between the 
assumptions in Finnveden et al. (2005) and this thesis. These difference are outlined in Section 
2.11.2. Moberg et al. (2005) is the second part of the Finnveden et al. (2005) study. The research 
was still based on questioning the validity of the WMH, the analysis of results found that 
incineration is generally better than landfill. However, a sensitivity analysis shows that 
newsprint is better managed in landfill if including credits for carbon sequestration. Moberg et 
al. (2005) highlights that whilst energy recovery potential from incineration is greater, the 
validity of the WMH is sensitive to the treatment of biogenic carbon dioxide. Importantly, 
Finnveden et al. (2005) recommended that an LCA conducted to identify cases where the WMH 
is not valid.  
In conclusion, although the WMH is not intended to be used in isolation for waste management 
decision making, it is widely referenced in support of the management of residual waste by 
thermal treatments instead of landfill. Research has found the WMH is sometimes valid, and can 
be sensitive to the inclusion of carbon sequestration in landfill.   
2.2 Waste Management in Victoria 
Waste management is governed by state governments in Australia. The key state government 
agencies that govern waste management in Victoria are (DELWP 2017): 
1. DELWP, in advising the state government on waste and resource recovery matters, 
developing policy and coordinating with other agencies.  
2. Sustainability Victoria, in coordinating planning for waste infrastructure in Victoria, 
increasing market development for recyclate, improving on waste education, and 
increasing the recovery of organic materials. 
3. EPA Victoria, in regulating the waste industry to protect human health and the 
environment from the negative impacts of pollution and waste, and considering 
applications to build waste infrastructure in Victoria. 
Avoid 
Reuse
Recycle
Thermal 
treatment with 
energy recovery
Landfilll
Reduce
Recover
Dispose
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4. regional waste management groups, in working collaboratively with local governments 
to improve waste management in each of the seven regions, and applying state-wide 
waste strategies. 
The total waste generated in Victoria is from municipal solid waste (MSW), commercial 
and industrial (C&I) and construction and demolition (C&D) sources, as shown in Figure 
2-3. MSW can be broadly classified as recycling, garbage and green waste; and most local 
councils provide residents with either two or three kerbside bins. Of the MSW generated in 
2014-2015, 27.7% was directed to recycling, 54.3% was directed to garbage and 17.9% was 
directed green waste (Sustainability Victoria 2016). Although not included in the scope of 
this thesis, C&I waste diverts approximately 56% of waste to recycling (O'Farrell, Millicer 
& Allan 2013), and C&D waste diverts approximately 72% of waste to recycling 
(Commonwealth of Australia 2010).  
 
Figure 2-3: Total waste in Victoria from MSW in 2014-2015, C&I in 2009-2010 and C&D 
in 2006-2007 
This thesis focuses on MSW, however, the case study developed focuses on one particular 
flow of MSW, the residual component of MSW recycling from material recovery facilities 
(MRF), shown in Table 2-1.  
Table 2-1: Summary of MSW in Victoria for 2014-2015 (Sustainability Victoria 2016) 
MSW  Annual flow (tonne) Description  Within Scope  
Recycling  591 670 Municipal waste collected for 
recycling, processed through 
MRFs, containing recyclable 
material and residual 
components  
Yes, the residual 
component from 
MRF only.  
Garbage  1 158 736  Municipal waste collected for 
landfill. Not processed 
through MRFs.  
No  
Green  382 250 Municipal garden or green 
waste. Not processed through 
MRFs. 
No 
 
Total waste in Victoria is serviced by processing facilities and disposal sites across the state. As 
of 2013, there were 25 MRF plants for managing recycling waste, 22 garden organics processing 
plants, one thermal treatment plant and 186 recycling facilities (Department of Environment 
2013). In addition, in 2016, there were 36 licenced landfill operating and an additional 33 
unlicensed landfills (Sustainability Victoria 2016).  
 
MSW
Annual flows 
2014/2015 
Recycling
591 670 t
Garbage
1 158 736 t
Green
382 250 t
C&D
Annual flows 
2006/2007 
Recycling
2 946 000 t
Garbage
1 138 000 t
C&I
Annual flows 
2009/2010 
Recycling
1 694 000 t
Garbage
1 346 800  t
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MSW recycling is generally managed by local governments who sub-contract to private 
operators for collection and reprocessing. The landfill operators create revenue through landfill 
levies, which are paid out of rates, and MRF operators create revenue by ensuring that the 
processing costs and overheads are less than recyclate that they sell (Chrisant 2015). State 
governments develop and apply the policies and legislation that direct how the private sector 
engages with the recycling and waste industries. Landfill levies to incentivise recycling are set 
by state governments, and add to the base tipping fees that cover operational costs and are set 
by private or council run landfills (Richie 2014). In Victoria for 2014-2015, the mandatory MSW 
landfill levy was $58.50 per tonne at metropolitan landfills and $29.30 per tonne at rural landfills 
(EPA Victoria 2015). Major private operators that collect MSW recycling from the kerbside in 
Victoria include Cleanaway, Visy Recycling and SKM Recycling.  
A MRF operates plant and equipment for sorting and processing waste to recyclate (Standards 
Australia 1998). The MRF recovers different types of recyclate from waste by a number of 
processes, including manual sorting, screening, rotating discs, magnetics and trommels to 
separate the recyclate (Visy 2015b). The material recovery starts on a conveyor belt with a 
manual pre-sort to intercept large contaminants, followed by a rotating trommel to remove paper. 
Then on another conveyor belt steel cans are removed by overhead electro magnets, aluminium 
cans are separated using eddy currents, plastics are separated by optical detection and air 
blowing, and finally glass is collected (KS Environmental Group 2015; Screen Australia 2017). 
The examples of MRF operational and fuel inputs in Carre, Crossin and Clune (2013) show 
variations between two Melbourne MRF facilities: SKM in Coolaroo and Visy in Heidelberg. 
At the time of that study, these two facilities accounted for 40% of Victoria’s MSW recycling 
and generated an average of 7.8% MRF residual waste (Carre, Crossin & Clune 2013).  
Post-MRF, the recyclate enters the market and undertakes further processing, while MRF 
residual waste is sent to landfill (Richie 2014). Recyclate from Victoria can enter the domestic 
or international market (Carre, Crossin & Clune 2013), with China being a major destination of 
Australian recyclate (Earley 2013). No data is available to disaggregate the regional source of 
Australian recyclate exported to China. In 2016, China was the largest importer of Australian 
recyclate, importing approximately 28 million tonne of paper recyclate, 10 million tonne of 
plastic recyclate, 2 thousand tonne of glass and 2.4 million tonne of iron and steel recyclate with 
a total value of $US 10.6 billion (UN Comtrade 2017). However, contamination of recyclate has 
been an issue for China. Recently, in 2018, as a result of restrictions on recyclate by China, waste 
contractors to local governments in regional Victoria are ceasing to collect MSW recycling 
(Mannix & Cuthbertson 2018). These restrictions were announced by China in 2017 as a move 
to protect the environment and public health (The Economist 2017). Previously in 2013, China 
introduced the environmental policy, Green Fence, that set to trial better controls on poor quality 
by limiting all recyclate to 1.5% contamination (Earley 2013). In 2014, waste paper imports to 
China from Australia dropped by 13.5% compared to 2013 and 15.8% compared to 2012 
(Industry Edge 2014), and resumed its normal import flow from 2015 (UN Comtrade 2017) after 
the Green Fence policy trial. It is unknown how long China intends to maintain the current 
restrictions on imported recyclate.  
 Thermal Treatment in Victoria 
There are currently no thermal treatments for MSW management, nor is there currently a formal 
position from the Victorian Government regarding the use of thermal treatments in Victoria as 
an alternative to landfill. However, the existing process for approval to propose new thermal 
treatments (with energy recovery) in Victoria uses the following criteria (EPA Victoria 2013):  
1. Suitability of thermal treatment (with energy recovery) as an option  
2. Waste acceptance and preparation for energy recovery 
3. Siting, design, construction and operation of thermal treatment facilities 
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4. Thermal efficiency of thermal treatment plants. 
The suitability of thermal treatments are considered in relation to four key principles. Firstly in 
relation to the WMH, secondly in relation to waste valuation, thirdly in relation to product 
stewardship and finally in relation integrated environmental management (EPA Victoria 2013). 
If successful in obtaining approval to go ahead with a thermal treatment proposal, community 
engagement and a demonstration that the thermal treatment is the best waste management option 
through a cost and benefit analysis is required (EPA Victoria 2013). Feedstock for thermal 
treatments is recommended to be residual wastes due to low-economic value (EPA Victoria 
2013). Although, the Victorian Government has not developed its own emissions standard for 
thermal treatment by incineration, it considers those developed by the European Union’s 
Industrial Emissions Directive to be suitable (EPA Victoria 2017a).  
Recently, the Victorian Government consulted with the public and are currently analysing 
discussion about using alternative thermal treatment technologies as a waste management option 
for residual waste and MSW (DELWP 2017). In 2017, the Victorian government invited the 
public to submit discussion points including (DELWP 2017):  
• the role for thermal treatment in Victoria’s waste and energy sectors 
• the appropriate limits for waste supply to thermal treatments 
• the need for more information for businesses and communities regarding waste 
management by thermal treatments.  
The Victorian Government are expected to finalise their position on thermal treatment as a waste 
management option for managing residual waste and MSW in 2018 (DELWP 2017).  
 State Container Deposit Scheme & MSW in relation to Victoria  
Container deposit schemes (CDSs) provide an additional collection point to MSW recycling and 
C&I recycling systems for containers such as aluminium cans, polyethylene terephthalate (PET) 
bottles and glass bottles. In 2017, only South Australia (SA) and the Northern Territory (NT) 
had CDSs in place. However, the New South Wales (NSW) government is planned to introduce 
a CDS in late 2017 to incentivise pooled collection of containers from public places and 
household recycling (Needham 2015). The NSW EPA reported that one of the primary reasons 
for the implementation of a CDS is to reduce litter in public places, as 44 vol.% of litter is from 
containers (NSW EPA 2017). Similarly, Queensland and Western Australia (WA) are expected 
to introduce their own CDS in 2018 (Moore 2016; O'Connor 2016). In Victoria, a CDS was 
rejected by the state government in 2015, on the grounds that the current MSW system is 
satisfactory; and that CDSs risk economic stress in employment sectors such as drink 
manufacturing, distribution and packaging hubs (Dow 2015). The external impacts to Victoria 
from CDSs in NSW, Queensland and other states could impact the MSW recycling system in 
Victoria by way of: decreasing the market value for MRF recyclate, the quantities of waste flows 
and changes to the composition of the MRF residual waste. The CDS is expected to divert 
containers from household recycling bins due to an incentivised payback system. In turn, the 
remaining containers recovered through the MRF system as recyclate are expected to be of 
higher contamination than those collected through a CDS. The market effect of this high 
contamination may pose changes to the value of recyclate generated through the MRF and is an 
area of uncertainty to be considered.  
 Recyclate Recovery in Australia  
The recovery of recyclate in Australia has changed over recent years. The net change in the 
overall recycling rates (consumption mass/recycling mass) in Australia between 2010-2011 to 
2014-2015 is 7% for steel cans, 2% for aluminium cans, 5% for non-beverage aluminium and -
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6% for glass (Industry Edge & Equilibrium OMG 2015). For paperboard, the net change in 
recycling between 2009-2010 to 2014-2015 is 1% (Industry Edge & Equilibrium OMG 2015). 
The change in net recycling for plastic over time is challenging due to methodological change 
from the Australian Packaging Covenant for quantifying plastic recycling post 2013-2014 to 
which previously did not include plastic packaging on finished goods impacting a significant 
proportion of the total consumption (O'Farrell 2016). 
 Virgin Competition  
The market value of recyclate is influenced by virgin equivalent products. Recently, commodity 
prices for crude oil have slumped from above $US 100 in 2014 to $US 42 per barrel in 2016, 
increasing financial pressure on the recycling industry (Weiss 2016). Crude oil is the raw 
material in virgin plastic manufacture, and lower prices of crude oil have resulted in decreased 
production costs of virgin plastic and increased competitiveness of virgin plastic against recycled 
equivalents (Greber 2016). In Australia, the value of waste plastic has dropped to approximately 
$AUD 20 per tonne in 2017 from previous price highs at $AUD 200 (Australian Broadcasting 
Corporation 2017). Reports from the Australian public broadcaster in 2017 found that financial 
pressure on the recycling industry has already resulted in stockpiling of materials, including 
glass, plastic and paper which are normally recycled in Australia or exported (Australian 
Broadcasting Corporation 2017). 
2.3 Waste Management Systems  
This section provides an overview of waste management technologies under consideration in 
this thesis: landfill, incineration and gasification-pyrolysis. The literature examined here 
excludes the LCA case studies concerning the waste management technologies that are explored 
in Section 2.6; and focuses on site operations in Australia and their physical processes.  
 Landfill  
Landfill can be defined as a ‘waste disposal site used for the controlled deposit of solid waste 
onto or into land’ (Standards Australia 1998). In Victoria, MRF residual waste, in addition to 
other solid waste, is managed by landfilling in sanitary landfills; whereas, C&D waste is sent to 
inert landfills and hazardous waste is sent to specialist facilities (Commonwealth of Australia 
2010). Major landfill sites that are in the geographical scope of the thesis include:  
• Wollert Landfill, Wollert, (includes methane capture for electricity production) 
• MRL, Ravenhall, (includes methane capture for electricity production).  
Environmental risks from landfill include contamination of soil and groundwater, and impacts 
arising from air emissions (Rabl, Spadaro & Zoughaib 2008). Although landfill technologies 
vary, landfills are commonly viewed as the least favourable end-of-life option with respect to 
the WMH, shown in Figure 2-2 (NSW EPA 2015). Best practice measures are adopted in order 
to minimise impacts, however non-compliance and illegal dumping are current issues that exist 
in some landfills in Victoria and other states of Australia (Commonwealth of Australia 2010). 
Risk management of future landfills in Victoria is managed by assessing land contamination, 
and how the landfill will be used afterwards using the legal framework of the Environmental 
Protection Act 1970 by EPA Victoria (2010) and the Planning and Environment Act 1987 by 
Victorian Government (2012). Landfill sites are often former quarries that have after-use options 
for landfills including sports grounds, golf courses and open public areas (EPA Victoria 2004).  
The treatment and degradation of waste in landfill contributes to air emissions and leachate. The 
emissions to air, landfill gas (LFG), are mostly carbon dioxide and methane (Rabl, Spadaro & 
Zoughaib 2008; Smith, O'Farrell & Brindley 2012). The transformation of waste through its 
degradation in landfill to its environmental outputs are described as initial phase (i.e., waste 
moistens and hydrolysis of hydrocarbons starts), oxygen and nitrogen reducing phase, acidic 
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anaerobic phase, methane generating phase, continuous leaching, possible pH decrease, and 
humidification and oxidation (Doka 2009). The rate at which waste degrades in landfill is 
dependent on the stages of aerobic digestion or anaerobic digestion, time, moisture and physical 
properties (Pickin, Yuen & Hennings 2002). Pickin, Yuen and Hennings (2002) discuss 
calculations for LFG emissions from paper degradation being dependent on variables of 
moisture, lignin content and decay curves. In Australia, the carbon stock of individual biomass-
waste materials are estimated based on historical waste data (Commonwealth of Australia 2010). 
Commonwealth of Australia (2017b) reports carbon stock values and decay rates over 100 years 
used to calculate LFG emissions from waste in landfill, disaggregated for individual materials; 
and also provides default factors for fraction of methane in LFG, and oxidation factor of 
methane.  
Sanitary landfills have a typical cavity of around 20 metre depth that is sealed with clay, high 
density polyethylene (HDPE) liner and crushed aggregate (Carre, Crossin & Clune 2013). As 
landfilling occurs, waste is deposited in layers, by tipping and compacting to a maximum of 0.5 
metres in depth (Watkins 2015). Compacted waste is covered daily with 150 mm of inert or 
near-inert material (Watkins 2015). MRF residual waste can be used as this daily cover due to a 
presence of inert material in its composition, however, a number of other materials are used, 
including C&D waste (Carlton 2017). To prevent leachate from seeping into the groundwater, 
the landfill can have a drainage system. The leachate is processed through a wastewater 
treatment plant (Doka 2009). Once the landfill is filled, it is sealed with a HDPE liner and 
covered in soil (Carre, Crossin & Clune 2013). Pipework can be added into the landfill cavity 
during filling to collect LFG as waste degrades (Carre, Crossin & Clune 2013). 
Landfill technology can include the capture of LFG, which can be used for the production of 
energy in the form of electricity and/or heat. In cases where landfill capacity is less than 10,000 
tonne of waste per year, it is generally not considered feasible to install LFG capture and 
electricity production infrastructure (Commonwealth of Australia 2010). When LFG capture is 
feasible, a recovery figure of 70% is commonly used as an international standard (Rabl, Spadaro 
& Zoughaib 2008). In Grant et al. (2001), 55% of LFG generated was captured in Victorian 
landfills and used for electricity generation, which is a higher capture rate than reported later in 
National Waste Report 2010 and Waste and Recycling in Australia 2011 (Commonwealth of 
Australia 2010; Smith, O'Farrell & Brindley 2012). In these reports the Victorian landfills were 
estimated to capture only 19% of LFG emissions, which were either flared or converted to 
electricity (Commonwealth of Australia 2010; Smith, O'Farrell & Brindley 2012). More recently 
Carre, Crossin and Clune (2013) estimated a LFG capture rate of 70% whilst the landfill 
operates, however, the landfill operators are only legally obliged to capture LFG for a minimum 
of 30 years. The net capture rate, over 100 years, was assumed to be 57%, and it was assumed 
LFG capture was in place for 40 years. Carre, Crossin and Clune (2013) state that, in Victoria, 
two landfills capture and flare LFG while another eight capture LFG to generate electricity. In 
2007, there were 56 operational landfill sites in Victoria, with eight of these sights representing 
almost half of all disposed MSW (Carre, Crossin & Clune 2013).  
 Incineration  
Incineration can be defined as a thermal treatment that combusts waste in excess air, so that there 
is greater oxygen than stoichiometrically required to complete the combustion, and recovers 
energy from that heat of combustion (Grant, James & Partl 2003). Incineration is a mature 
technology and used widely in Europe, United States and Japan (Doka 2013). Globally, 122 
million tonne of waste is managed by incineration, almost all of which occurs in high income 
countries that have high land costs and that can regulate environmental controls (Hoornweg & 
Bhada-Tata 2012).  
   
Thesis for Master of Engineering   14 
 
The elemental composition of waste determines its chemical energy, and the heating value from 
combustion (Gavrilescu 2008). Options for the heat produced from combustion of waste include 
steam production that can be used directly by an adjoining industry (e.g., the Visy incinerator in 
Coolaroo, Victoria) and production of electricity through steam turbines that can be exported to 
the electricity grid (Rabl, Spadaro & Zoughaib 2008). A typical MSW incinerator is shown in 
Figure 2-4. The process starts by feeding waste onto a furnace grate conveyor where combustion 
in excess air transforms most of the waste to gas that exits the flu and non-combusted solid 
residue (approximately 20%) that exits as slag. The flue gas enters an integrated steam boiler 
where steam is passed through a steam turbine and is able to produce electricity or steam. The 
electrostatic precipitator attracts flue-borne particles by electrically charged metal rods that 
collect fly ash (approximately 2%) from the flue gas. As an alternative to landfill, fly ash can be 
used as filler (i.e., sand substitute) in concrete (Cement Australia 2016). The flue gas cleaning 
stages reduce the emissions containing sulfur and chlorine by multi-staged wet scrubbing (Doka 
2003b).  
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Figure 2-4: Incineration process diagram (Doka 2003b) 
Following the multi-staged wet scrubbing, the de-nitrification stage reduces emissions 
containing nitrogen using selection catalytic reduction (SCR). A reducing agent, such as 
ammonia, is used with a catalyst to stabilise the flue gas. The final emissions to air can be 
expected to include carbon dioxide, carbon monoxide, water, oxygen, nitrogen, sulphur oxides, 
nitrogen oxides, ammonia, hydrocarbons and organic acids (Gavrilescu 2008). Electricity is used 
in the process to power suction fans of the gas purification stage and to pump motors for 
conveyor operations (Doka 2013). Natural gas is used in the process for fuel in the combustion 
chamber, either to start-up production for heating of combustion air or to maintain combustion 
(Doka 2013).  
 Gasification-Pyrolysis  
Gasification-pyrolysis is reported to be an advanced thermal treatment technology producing 
fewer air emissions and residues than incineration (Khoo 2009). However, deterrence to 
construct new advanced thermal treatments (including gasification and pyrolysis processes) is 
often related to low confidence because there are a limited number of operational plants that run 
commercially (Wardell Armstrong 2012). Gasification-pyrolysis is a general term for the use of 
those thermal treatments, however, patents exist for particular processes such as Viveria 
Corporation’s Thermoselect (Viveria Corporation 2017).  
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Gasification-pyrolysis is described as working in two main stages, the chemical pyrolysis 
process and a thermal gasification process (Zaman 2013). The pyrolysis stage involves thermal 
degradation of matter in the absence of air (or low air) at 400-1000°C to produce synoil. The 
gasification stage takes place at temperatures of around 1000-1400°C and converts the synoil to 
syngas. Figure 2-5 below shows a basic process breakdown, emissions out and energy recovery 
as described by Zaman (2013). Emissions of gasification-pyrolysis include carbon dioxide, 
carbon monoxide, hydrogen, methane, water and trace amounts of hydrocarbons (Zaman 2010). 
In addition, emissions of nitrous oxides, volatile organic compounds and dioxins are present in 
gasification-pyrolysis as they would be for other thermal waste treatment, such as incineration 
(Zaman 2010).  
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Figure 2-5: Gasification-pyrolysis flow diagram (Zaman 2013) 
The operating conditions for gasification vary depending on the process. An example of the 
spectra of stoichiometric air to waste ratio and temperature for gasification thermal treatment is 
shown is shown in Figure 2-6. To produce syngas at a high temperature range of 1150-1275°C, 
the process has a stoichiometric air to waste ratio of 50-60% whereas, at a low temperature range 
of 600-587°C, the process has a stoichiometric air to waste ratio of 15-30% (ENTECH 2017). 
Other literature reports gasification temperatures can be as high as 2000°C (Hellweg 2000).  
  
Figure 2-6: Gasification thermal treatment technology operating and process conditions for low 
to high temperature and air stoichiometry (ENTECH 2017) 
   
Thesis for Master of Engineering   16 
 
2.4 Thermal Treatment in Australia  
Although thermal treatments for waste are not widely used in Australia, there is growing interest 
in using incineration and gasification technologies for MSW-based feedstocks including MRF 
residual waste. Table 2-2 shows the companies that are engaged in developing thermal 
treatments in Australia. Although gasification is approved in WA, it is noted that the two-stage, 
gasification-pyrolysis technology is neither proposed nor approved in Australia.  
Table 2-2: Summary of approved and proposed thermal treatment plants managing MSW-based 
feedstocks in Australia (as of early 2018) 
Company  Technology  Status  Location  Waste  
Phoenix Energy  Incineration  Approved  Kwinana, WA  MRF residual,  
MSW  
 
New Energy  Gasification  Approved, 
opening 
expected in 
2019  
Port Hedland, 
WA  
MRF residual  
 
 
 
New Energy  Gasification Approved, 
opening 
expected in 
2019  
Rockingham, 
WA  
MRF residual  
 
 
 
Energy Australia  Incineration  Proposed  Lithgow, NSW  RDF (MSW) 
Australian Paper  Incineration  Proposed  Maryvale, VIC MSW  
Capital Recycling 
Solutions  
Incineration  Proposed  Canberra, ACT MRF residual  
 
Despite several proposed and three planned thermal treatment plants for MSW management, the 
history of commercially operating plants in Australia is limited. In 2001, the Brightstar 
Environment and Wollongong City Council opened a gasification-pyrolysis plant in 
Wollongong, NSW, known as Solid Waste and Energy Recycling Facility (SWERF) 
(Wollongong City Council n.d.), however the operation was short lived and closed in 2004 
(Mason 2013). Brightstar Environment also proposed a similar facility to the Wollongong 
SWERF in WA. When under review in the WA parliament, the Wollongong SWERF was 
criticised for nitrous oxide and dioxin emissions impacts on public health and that the technology 
was unsafe and unproven (Whitely & Ripper 2002). It is worth noting that Whitely and Ripper 
(2002) did not state that emissions from this gasification-pyrolysis technology were unsafe, just 
that there had not been enough investigation to counter this concern. The Wollongong SWERF 
reported emissions data in 2001, which reportedly exceeded limits for arsenic, sulfur oxides and 
carbon monoxide emissions in Germany (Bell & Bremmer 2013). There is further criticism of 
operations of the Wollongong SWERF. Between March and November 2001, only 803 tonne of 
MSW, equal to 1.5% of its proposed capacity, was processed (Whitely & Ripper 2002) raising 
concern as to whether the technology is viable. The Wollongong City Council (n.d.) stated that 
its plant is supposed to avoid 2.7 tonne CO2 –eq for every tonne of MSW processed, however, 
there was no evidence of carbon abatement found when the plant was operating.  
 
In Australia, there are already thermal treatments in manufacturing plants that use their own 
industrial residual waste as feedstock. For example, paper manufacturer, Visy, have two 
incineration plants in operation, at Coolaroo in Victoria and Tumut in NSW (Visy 2015a). The 
120,000-tonne-per-annum capacity incinerator at Coolaroo manages the residual waste from 
Visy’s paper recycling processes and is able to use the recovered energy back in the process 
(Mason 2013). In contrast to Visy, Australian Paper’s proposed incinerator is to manage MSW 
from Melbourne rather than residual waste at their facility at Maryvale, Victoria (Lazzaro 2017). 
The incinerator could be operational by 2022 if approved, managing MSW garbage transported 
by road or rail from south-east Melbourne. Australian Paper has claimed the incineration plant 
could potentially avoid 500,000 tonne of carbon dioxide emissions per year from avoided natural 
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gas used to generate steam for the pulp and paper process (Lazzaro 2017). The investment from 
the Victorian government is also part of a broader strategy to drive economic growth in the 
Latrobe Valley region around Maryvale Mill (Office of Federal Member for Gippsland 2017). 
Other proposed incinerators using residual waste include Mount Piper Power Station outside 
Sydney. Although, it is proposed to be built at a coal-fired power station, the incinerator is 
separated from the coal-fuel burners due to concern over the wastes’ impact on fly ash quality 
(Luger 2017). The residual waste, RDF would otherwise be managed in landfill (Energy 
Australia 2017). The RDF comprises MSW material that is not feasible for further material 
reprocessing. This material includes paper, plastic, fabric and other organic matter that does not 
have a consistent composition or source (Luger 2017). RDF is a general term for residual solid 
waste that goes to landfill (Luger 2017) and can be from either MRF residual waste, pre-thermal 
treated waste or mechanically heat treated waste (EPA Victoria 2013). Energy Australia (2017) 
states that the proposed incineration facility managing 100,000 tonne RDF from residual waste 
per year can avoid 60,000 tonne of net GHG emissions whilst supporting the NSW 
Government’s best practice waste-to-energy policy (Energy Australia 2017). A final decision on 
the incineration plant is expected in 2018 (Energy Australia 2017). Another proposed 
incineration plant to manage MRF residual waste is in Canberra, Australian Capital Territory 
(ACT). Capital Recycling Solutions intends to import MSW recycling by rail link from NSW, 
recovering recyclate through the adjoining MRF (Capital Recycling Solutions 2017). The MRF 
residual waste flow is expected to be 135,000 tonne per annum with electricity production 
exported to the grid (Capital Recycling Solutions 2017).  
The closure in 2004 of the SWERF in Wollongong was the last operational thermal treatment 
facility to manage MSW in Australia. All the approved projects for thermal treatment of MSW 
in Australia are based in WA by Phoenix Energy in Kwinana, and New Energy in Port Hedland 
and Rockingham (Douglas 2014; New Energy 2014, 2016). WA has historically underperformed 
in comparison to other states for MSW recovery, diverting only 42% of waste from landfill in 
2014-2015 (Office of the Auditor General Western Australia 2016). The underperformance is 
largely due to difficulties in managing an efficient recycling system for a low population base 
in relative geographical isolation (Office of the Auditor General Western Australia 2016). The 
WA government target of 65% solid waste diversion from landfill in the metropolitan area by 
2020 (Western Australia Waste Authority 2012) was outlined in their waste strategy. According 
to WA’s interpretation of the WMH, thermal treatment of MSW is classified as recovery 
(Western Australia Waste Authority 2012).  
The Phoenix Energy incinerator in Kwinana in south-western Perth is expected to manage 
400,000 tonne of MSW per year, and will include MSW garbage and MRF residual waste 
(Douglas 2014). In 2013, Phoenix Energy secured a 20-year waste supply agreement with the 
City of Kwinana to supply MSW garbage to the incinerator (City of Kwinana & Pheonix Energy 
2013). During public consultation, concerns were raised that other waste treatment options (i.e., 
re-use, reprocess, recycling) integrated in the WMH may be compromised if the plant operated 
at its maximum capacity of 400,000 tonne per annum (Douglas 2014). The maximum capacity 
of the incinerator is equal to 40% of the MSW garbage generated in WA in 2006-2007, reported 
to be 1,000,000 tonne (Commonwealth of Australia 2010). Phoenix Energy has outlined that 
pre-sortment of waste entering the incinerator is not included, in-line with best practice, and 
metals are to be collected in the slag component post-combustion (Douglas 2014). It is expected 
that 6,000 tonne of metals per year are to be collected from slag (City of Kwinana & Pheonix 
Energy 2013). The biomass component of MSW is considered a renewable feedstock in 
incineration, gasification and pyrolysis, if used for energy recovery (Commonwealth of 
Australia 2016b). The Clean Energy Regulator requires that thermal treatment plants audit and 
report the composition of their waste feedstock every six months for renewable eligibility (Nolan 
ITU 2001). Phoenix Energy have stated that these waste audits are to be carried out in addition 
to random inspections of trucks (Douglas 2014).  
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New Energy have proposed to use the same gasification technology for both its facilities in Port 
Hedland, WA and Rockingham, WA to manage MRF residual waste. The Rockingham facility 
is expected manage 130,000 tonne of MRF residual waste by 2019 with a thermal energy 
capacity of 72 MW and an electrical generation capacity of 18 MW using a low-temperature 
gasification technology (New Energy 2016). The Port Hedland facility is expected to manage 
70,000 – 130,000 tonne by 2019 with the same thermal and electrical generation capacities as 
Rockingham (New Energy 2014). The gasification process proposed, Entech, is based on 15-
30% air to waste stoichiometric ratio, at a process temperature of 600-875°C, batch cooking the 
MRF residual waste for 16-24 hours, producing syngas including hydrocarbons, methane, and 
carbon monoxide (ENTECH 2017; New Energy 2014, 2016). The syngas is combusted for the 
production of steam that drives the turbines for the production of electricity (ENTECH 2017). 
The facilities are expected to produce emissions including dioxins (PCDD/F) at 0.2 ng/m3, 
titanium at 2.1 x10-4 mg/m3, heavy metals at 8.0 x 10-2 mg/m3, hydrogen fluoride at 0.17 mg/m3, 
dust at 0.7 mg/m3, hydrochloric acid at 5.6 mg/m3, carbon at 0.45 mg/m3, sulfur oxides at 37 
mg/m3, carbon monoxide at 12 mg/m3 and nitrous oxides at 90 mg/m3 (New Energy 2014, 2016). 
However, despite reporting the expectant pollutant levels, it is not clear whether these emissions 
are reported per cubic meter of syngas, or per cubic meter of waste gas to air.  
2.5 Life Cycle Assessment  
This section introduces the scientific technique of LCA to measure and assess environmental 
impacts of a product or service. This section reviews the foundations of LCA.  
 Background  
Prior to widespread use of LCA, much environmental analysis and performance evaluation was 
done through ad-hoc methodology with little consistency (Horne, Grant & Verghese 2009). In 
1997, the International Organization for Standardization (ISO) launched the original LCA ISO 
standards that were updated again in 2006. ISO 14040:2006 and ISO 14044:2006 consolidate 
LCA procedures and methods:  
• ISO 14040:2006 Environmental management – Life cycle assessment – Principles 
and framework (International Standardization Organization 2006a) 
• ISO 14044:2006 Environmental management – Life cycle assessment – Requirements 
and guidelines (International Standardization Organization 2006b) 
An LCA can be used in relation to product development and improvement, strategic planning, 
public policy making and marketing (International Standardization Organization 2006a). LCA 
is widely used through agricultural, infrastructure, manufacturing, services, and engineering 
disciplines; and has formed a part of the United Nations Environment Programme (UNEP) since 
2000 (United Nations Environment Programme 2000). LCA has the advantage in simplifying 
results in complex systems.  
A life cycle is the consecutive and interlinked stages of a product system, from raw materials 
acquisition or generation from natural resources to final disposal (International Standardization 
Organization 2006a). Therefore, LCA can be best described as a way to measure potential 
environmental impacts, from all inputs and outputs, from all the stages, cradle-to-grave or 
cradle-to-cradle, of that product or service. 
An LCA, as defined by ISO is shown in Figure 2-7. The four stages of LCA are: 
1. Goal and Scope Definition: framing the questions and the system boundary, i.e., 
determining the limits of the analysis. It must be clear what is included and what is 
excluded within the system boundary in order to answer the questions.  
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2. Inventory Analysis: gathering the life cycle inventory (LCI) data required to quantify 
the material and energy flows within the system boundary.  
3. Impact Assessment: assessing the life cycle impact assessment (LCIA) of results which 
can be done through a range of indicators.  
4. Interpretation: required throughout the study to ensure robustness and consistency of 
the LCI and LCIA in relation to the goal and scope.  
 
Figure 2-7: Stages of a generic LCA (International Standardization Organization 2006a) 
 
LCA, depending on the goal and scope can encompass the whole life cycle, i.e., cradle-to-grave 
or cradle-cradle, as shown in Figure 2-8; or a limited life cycle, which must be defined by the 
system boundary. End-of-life LCA studies of waste management and product disposal tend to 
limit the analysis to waste management processes that can include collection, transport, 
preparation for re-use or recycling, shredding or sorting, pre-treatment for energy recovery and 
disposal (International Standardization Organization 2012). In order to meet the goal of the 
study, a comparative LCA is most commonly used to compare the total environmental impact 
of a product or service with one or more alternative products or services (Horne, Grant & 
Verghese 2009). 
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Figure 2-8: Life cycle stages (Environmental Protection Agency 1993) 
 Attributional and Consequential Modelling  
Attributional LCA modelling is one of two methods, the other being consequential LCA 
modelling, for managing LCI flows. The attributional approach allocates LCI flows according 
to a normative rule (Weidema 2012), based on historic flows assuming that all future flows are 
equivalent this historical LCI. Consequential LCA modelling is a more dynamic approach to 
LCA than the attributional approach. A consequential analysis considers processes and activities 
linked to a system and how they can change a consequence of the functional unit (Ekvall & 
Weidema 2004). Villanueva and Wenzel (2007) explain consequential LCA in relation to 
Norway’s electricity system, whereby hydropower-fuelled electricity represents 99% of the 
electricity grid mix, but any change in demand will not alter hydropower’s input because it is an 
economic priority. However, a change may impact marginal supply from oil or natural gas, or 
imported power from neighbouring countries and lead to a change in the production inputs as a 
consequence of changing demand.  
 Scenario Development  
A scenario can be developed to answer questions that stem from a range of assumptions (Pesonen 
et al. 1998), forming the basis for a sensitivity analysis. Pesonen et al. (1998) describes scenario 
development by two basic approaches, the what-if scenario and the Cornerstone scenario. The 
what-if scenario uses a comparison of two or more scenarios in well-known situations with short 
time horizons and can set a hypothesis based off existing data. The Cornerstone scenario uses 
strategic information for long-term planning to provide the basis for what-if scenarios. An LCA 
with multiple scenarios or a comparative LCA requires a baseline scenario in which everything 
continues as usual and at least one other alternative scenario in which there is some change from 
the base scenario (Pesonen et al. 1998). According to International Standardization Organization 
(2012), a sensitivity analysis may result in exclusion of life cycle stages or processes, exclusion 
of inputs or outputs or inclusion of new unit processes. The result of testing the sensitivity will 
show how great or little significance the process, input or output bears on the overall result 
(International Standardization Organization 2012). A range of scenarios based on the system can 
be developed to test for deviations due to assumptions and LCI. Finnveden and Ekvall (1998) 
state that the key to a strong LCA is in the consideration of assumptions, stressing the importance 
of testing alternative assumptions to ensure the reliability of results, which is why several 
sensitivity analysis scenarios should be tested. 
 System Boundaries  
The system boundary of a waste management LCAs can use a cut-off assumption. This was used 
by both Buttol et al. (2007) and Zaman (2013) to ensure that discarded waste has no associated 
burdens from prior life cycle stages (i.e., raw material extraction, manufacturing and consumer 
use). This approach is typically used in comparative, end-of-life, waste management LCA 
studies. Buttol et al. (2007) explain that once the holder discards the waste product, the life cycle 
starts and all treatment process are included until the material ceases to be waste and becomes 
an emission to air, emission to water or an inert material in landfill.  
 Allocation and Waste Burdens  
The International Standardization Organization (2006b) standard recommend that when 
allocating benefits or burdens to a particular process, system expansion should be first attempted. 
However, it is recognised that often, system expansion may not be practical and therefore 
methods of allocation can be used, with justification. Common allocation methods are 
(International Standardization Organization 2006b):  
• physical allocation based on either mass, volume or energy flows 
• economic allocation, based on revenue.  
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For a system such as a MRF, the LCI must distinguish each input and each output flow as product 
or waste. For example, the MRF produces recyclate, including glass, plastic, paper, and 
aluminium, as well as residual waste. It is common to only allocate burdens between co-products 
(i.e., recyclate from a MRF), however, thermal treatments managing residual waste in the WMH 
can be considered a recovery priority rather than disposal (NSW EPA 2015). This definition 
may not fit with traditional approaches of allocating waste burdens. For example, Weidema 
(2001) discusses the distinction between a co-product and a waste product, explaining that the 
waste product does not have further use beyond the system. It is recommended, in that instance, 
that the allocation of burdens should be distributed over only co-products rather than waste 
products too, despite the waste product being treated in the system (Weidema 2001).  
 Impact Assessments  
LCIA methods are used able to convert the emitted substances from the LCI to characterised 
potential impacts (International Standardization Organization 2006a). Emissions are expressions 
of potential impacts reported in a reference emission common to a particular indicator. Potential 
impacts are referred to as midpoints (PRé Sustainability 2016), because they only estimate the 
potential not end impact. Environmental indicators are selected where technically valid 
associations can be made from the LCI (Owens 1996). The indicators used to measure potential 
impacts of acidification (AP), climate change (CCP), eutrophication (EP) and photochemical 
oxidation (POP) in the LCIA for this thesis are shown in Table 2-3.  
Table 2-3: Environmental indicators for categories of impact assessment used in the LCA 
model  
Life Cycle Indicator Description  
AP (kg SO2 –eq) The release of acidifying pollutants SO2, NOX and NHX to soil, 
groundwater and surface water. The timespan will be limited to 
100 years in this thesis and the geographical scope is on a local 
scale. 
CCP (kg CO2 -eq) The potential to have climate change effects by release of 
greenhouse gases including carbon dioxide, methane and nitrous 
oxides. These values will be based on 100-year time frames and 
geographical scope is on a global scale.  
EP (kg PO4-3-eq) The release of nutrients, largely phosphorus and nitrogen into land 
and water systems, potentially causing oxygen depletion and algae 
growth. The timespan will be limited to 100 years in this thesis and 
the geographical scope is on a local scale. 
POP (kg C2H2 -eq) The formation of reactive substances that cause damage to 
ecosystem health. Photo-oxidants result from the oxidation of VOCs 
or CO in the presence to NOX and ultra violet light. The timespan 
will be limited to 100 years in this thesis and the geographical scope 
is on a local scale. 
 
The indicators selected in this thesis were also used in other waste management LCAs based in 
Victoria, reviewed in Section 2.6.1. Generally, LCA studies include GHG emissions that are 
reported as CCP. When comparing LCA studies, CCP is the most widely used indicator 
(Björklund & Finnveden 2005). CCP is a global indicator because GHG emissions mix in the 
atmosphere, and the characterisation factors are the same regardless of location (Renouf et al. 
2015). Whereas for the regional-based indicators (i.e., AP, EP and POP), the characterisation 
factors are representative of potential impacts from substances emitted in Europe from CML-IA 
Version 3.02 (CML) (Institute of Environmental Sciences 2016). In CML, AP is based on 
emitted acidifying substances exceeding their critical loads relative to the accumulated load of 
acidifying substances in European soil (Renouf et al. 2015). EP is based on the emitted 
euthrophying substances having a stoichiometric ratio to produce algae in aquatic systems in 
Europe (Renouf et al. 2015). POP is based on the change in concentration of reactive smog 
producing substances over five days per a unit area that is based in Europe (PRé Sustainability 
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2016). A limitation is that the Australian LCIA method, Australian Indicator Set Version 3.01 
adopts the CML method, so it does not represent Australian conditions (PRé Sustainability 
2016).  
 
To further analyse impacts, normalisation is used to show the relative magnitude of potential 
impacts in relation to a selected reference value. International Standardization Organization 
(2006b) recommends the normalisation reference value can be estimated based on: 
• a given area that may be global, regional or national  
• a per capita basis of a given area  
• an alternative system. 
Bias of reference values used in normalisation can be caused by inaccurate estimates of emission 
from a particular region, or characterisation factors, which can lead to results being too high or 
too low (Heijungs et al. 2006). Bias of reference values is more likely from indicators where 
there are many substances, such as POP, whereas, CCP has fewer substances of potential impacts 
(Heijungs et al. 2006). After normalisation factors are applied to characterised results, weighting 
factors can also be applied to calculate a single score based on value choices. Although a 
weighted single score seems simpler to interpret, it applies additional methodology to the 
potential impacts (i.e., midpoint), and this requires more complex reasoning in its interpretation. 
The three different approaches for weighting are: monetary methods (e.g., willingness to pay for 
environmental damages), sustainability and target methods, and panel approach (Khoo 2009). 
Importantly, none of these approaches are based on science. The value choices for weighting are 
subject to bias, because they are based on the relative importance placed on indicators by an 
individual, society or organisation (International Standardization Organization 2006b). Due to 
bias in value choices for weighting factor selection, International Standardization Organization 
(2006b) recommends that weighted results are reported together with characterised and/or 
normalised results.  
End-point indicators from the European-based ReCiPe LCIA method can be used to measure 
damage of human health, natural environmental and natural resources, from aggregation of 
midpoint potential impacts (PRé Sustainability 2016). There is no Australian LCIA method that 
has end-point indicators to measure damage to the environment. A single score can be generated 
by the aggregation of damage to human health, natural environment and natural resources 
instead of weighted normalised single scores.  
 Interpretation 
The interpretation phase of an LCA considers the findings from the impact assessment in relation 
to the goal and quality of the LCI. Typically, waste management LCAs use a comparative 
approach between two or more scenarios with several environmental indicators. Reporting 
results as net outcomes can be approached by assessing the net benefit or net burden of one 
system to another. For example, the net environmental outcome can be defined through the 
benefit or burden of the landfill system against the alternative waste management systems. 
Equation 2-1 describes one approach of calculating a net outcome, as was used to compare 
scenarios from Carre, Crossin and Clune (2013) and Grant et al. (2001).  
𝑁𝑒𝑡 𝑂𝑢𝑡𝑐𝑜𝑚𝑒 = 𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝑆𝑦𝑠𝑡𝑒𝑚 − 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑆𝑦𝑠𝑡𝑒𝑚 Equation 2-1 
 
For example, to find the net benefit or burden of the alternative system’s CCP, all processes 
within each system are quantified, using the same units, then the baseline is subtracted from the 
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alternative, giving a final, single, measurable result, as shown in Figure 2-9. An avoided process, 
such as electricity production avoiding the grid, measures in the opposite direction.  
 
Figure 2-9: Net benefit/net burden approach for evaluating environmental outcomes (Grant et 
al. 2001) 
The net benefit/net burden approach gives a clear measure of the extent of burden or benefit. A 
negative number shows the extent of benefit whilst a positive number shows the extent of the 
burden of the baseline against the alternatives. Although the net benefit/net burden can be used 
effectively to compare systems, the drawback is that the impact of sub-processes contributing to 
results are not as clearly communicated. Therefore, the application for the net benefit/net burden 
approach is suitable for readers looking at final results, however an extensive discussion should 
also be provided so that key parameters and processes contributing to results are not overlooked.  
It is recommended that LCA studies have a consistent and methodical approach to measure the 
uncertainty of LCI used to build a model (Grant n.d.). Therefore, the two common methods to 
measure uncertainty usually include a statistical uncertainty analysis and a sensitivity analysis 
to understand the strength of the data used in the model (International Standardization 
Organization 2006b). One approach to aggregate uncertainty is with a Monte Carlo uncertainty 
analysis based on uncertainty factors for each data input (Carre, Crossin & Clune 2013). A 
practical sensitivity test can be done by inclusion or exclusion of inputs to a process 
(International Standardization Organization 2012). 
2.6 Waste Management LCA Research 
Application of LCA methodologies are explored in waste management reports such as Grant et 
al. (2001), Grant, James and Partl (2003) and Carre, Crossin and Clune (2013) as well as 
international journal articles specifically on waste management. 
 Victoria  
This literature review examined relevant and publicly available Victorian MSW management 
LCA studies. The reports were commissioned by Victorian state government to assess MSW 
recycling and waste management in Victoria. The reports under review are: 
• Life Cycle Assessment for Paper and Packaging Waste Management Scenarios in 
Victoria (Grant et al. 2001) 
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• Life Cycle Assessment of Waste and Resource Recovery Options (including energy from 
waste) (Grant, James & Partl 2003) 
• LCA of Kerbside Recycling in Victoria (Carre, Crossin & Clune 2013). 
In all three Victorian MSW management LCA reports, the question was framed as to what the 
environmental benefits or impacts of alternative waste management systems were in relation to 
the BAU system. The recycling systems were assumed to avoid virgin production of equivalent 
materials. The flows of major materials and processes are shown in Figure 2-10 (this diagram is 
not representative of the system boundaries). 
Kerbside 
Recycling Bin 
for Collection 
Landfill 
Recyclate 
MRF residualThis thesis 
Grant et al. (2001), Grant 
et al. (2003) & Carre et 
al. (2013)
Grant et al. (2001) & 
Carre et al. (2013)
Material 
Recovery 
Factility
All studies
Recyclate 
Reprocessing 
Other waste 
treatment 
methods
Transport
 
Figure 2-10: Flow of materials to processes in Victorian MSW management LCA studies 
Grant et al. (2001) and Grant, James and Partl (2003) were amongst the first to use LCA for 
Australian waste management studies, which were commissioned reports to inform the Victorian 
state government. Grant et al. (2001) compared the recycling system to the alternative of 
landfilling packaging products. The study assessed waste materials streams of paper, liquid 
paperboard, glass, aluminium, steel cans, PET, HDPE, PVC and auxiliary materials of caps and 
labels; but exclude secondary and tertiary packaging of primary products, residual waste and 
contamination. The electricity grid credit, represented that of South-Eastern Australia; and the 
production inputs were 52.6% black coal, 35.9% brown coal, 6.3% natural gas, 5.2% hydro and 
< 1% other. Grant, James and Partl (2003) expanded that study to include more waste 
management options including landfill, incineration, gasification, anaerobic digestion, and open 
and enclosed composting; but did not include a recycling scenario. Specific waste materials were 
not reported, but products were recyclables (average mix), paper, household waste (average 
mix), green waste and food. Grant, James and Partl (2003) also focused on separation of waste 
in one, two or three bin scenarios at the kerbside. Grant, James and Partl (2003) assumed that 
electricity was generated from brown coal. In Grant et al. (2001) and some scenarios from Grant, 
James and Partl (2003), paper is source-separated at the kerbside from other co-mingled 
recyclables. The kerbside recycling system in Victoria has since changed such that all recyclable 
material is co-mingled, as assumed in Carre, Crossin and Clune (2013). The outcomes from 
Grant et al. (2001) concluded that the waste management system that included recycling was 
preferred and resulted in environmental benefits across the categories of GHG emissions, 
embodied energy, smog precursors, water use and solid waste. It was reported that avoided virgin 
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materials’ production from recyclate was a determining factor in the environmental benefit of 
the recycling system. The one exception where landfilling was preferred over recycling was for 
liquid paperboard (polymer and paper material). This exception is due to the high residual rate 
from MRF and the high residual rate in the re-pulping process, as well as some energy credits 
for embodied energy in landfill, giving landfill benefits over recycling (Grant et al. 2001). 
The 15 scenarios in Grant, James and Partl (2003) modelled one, two and three kerbside bins; 
and included landfill, MRF processing, incineration and gasification amongst other waste 
management technologies. Of the incoming waste mass, the solid residue after thermal treatment 
was estimated to be 30% in incineration and 20% in gasification. The rankings of the four of the 
scenarios (excluding the other 11 from the study) are shown in Table 2-4. The study reported 
that incineration of MSW garbage performs poorly for CCP and EP however, for all other 
indicators, it performs best. The business-as-usual (BAU) system outperforms incineration and 
gasification of MSW garbage for CCP and EP.  
Table 2-4: Waste management outcomes for scenarios with technologies of landfill, incineration, 
gasification and recycling in Grant, James and Partl (2003) on scale of best-to-worst from 1-4  
Scenario Description  No. of bins AP CCP EP POP 
BAU – recycling bin to MRF, 
garbage bin to landfill  
2 4 1 1 2 
Single bin to gasification, some dirty 
MRF extraction of recyclate  
1 
 
3 4 3 4 
Recycling bin to MRF,  
garbage bin to gasification  
2 
 
2 2 2 3 
Recycling bin to MRF,  
garbage bin to incineration 
2 
 
1 3 4 1 
  
In Grant, James and Partl (2003), energy credits in the landfill system were defined by three 
different degradation rates, changing the amount carbon sequestration. Embodied energy in 
landfill showed to have large changes in environmental benefits as sequestration rates were 
adjusted. The electricity credits used in Grant et al. (2001) and Grant, James and Partl (2003) do 
not reflect the current credits from the Victorian electricity grid production input mix as brown 
coal’s proportion of the production input mix has reduced since the studies. Further analysis of 
results in Grant, James and Partl (2003) are limited due to some unknown LCI and assumptions 
for incineration and gasification thermal treatments.  
The Carre, Crossin and Clune (2013) study aim to understand whether, and to what extent 
recycling was beneficial. It compared the net environmental benefits and burdens of recycling 
in Victoria relative to landfill; and included waste materials such as paper, glass, aluminium, 
PET, HDPE, other plastic, contaminants, green waste, bio-plastic, nappies, textiles, rubber, 
process waste, e-waste and sewerage. For CCP, the baseline scenario was preferred to the 
alternative system. The impacts from the alternative system included higher LFG emissions from 
biogenic material. The assumptions made for landfill technology included a net methane capture 
rate of 57%, which includes a 70% capture rate for the first 40 years of degradation.  
In Grant et al. (2001), the significance of transport distance in Victoria depended on the scenario. 
Transport impacts were mostly minimal, except for glass in landfill. A sensitivity study was 
conducted for management of MSW recycling in a regional city, Bendigo rather than Melbourne. 
The parameters influencing the results were the transport distance to the MRF, which was higher 
in Bendigo by 110 km; and the LFG capture rate which was lower in regional landfills. The 
sensitivity study found that, for individual materials in Bendigo, POP impacts were 
approximately 6.2% greater for HDPE, 7.1% greater for PET and 15% greater for steel cans 
(Grant et al. 2001). Carre, Crossin and Clune (2013) reported collection and transport data for 
MSW recycling, garbage and green waste streams. The average MSW recycling collection and 
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transport to the MRF was 17.1 km in metropolitan Melbourne, 94.6 km in non-metropolitan 
Melbourne and 40.7 km state-wide (Carre, Crossin & Clune 2013). The study found that 
transport impacts leading to POP are greater in concentrated urban areas than in sparsely 
populated rural areas (Carre, Crossin & Clune 2013). However, a sensitivity analysis of waste 
collection was not undertaken in the study. A sensitivity analysis found that transporting 
recyclate overseas reduced CCP by 10% (Carre, Crossin & Clune 2013), compared to transport 
and reprocessing in Australia. 
The following is a summary of what is known from the Victorian MSW management LCA 
reports to support this study:  
• A BAU versus alternative scenario, as done in Grant et al. (2001) and Carre, Crossin 
and Clune (2013) provides results and outcomes presented in an easy-to-interpret 
manner.  
• Incineration of MSW garbage has higher impacts for CCP and EP in Grant, James and 
Partl (2003) than landfill. However, the incineration scenario performs above average 
for AP and POP.  
• LCI for the incineration and gasification systems in relation to direct emissions from 
waste; inputs of ancillary materials, natural gas and electricity; net credits for heat and 
electricity and efficiencies for co-production of electricity are not reported in Grant, 
James and Partl (2003). 
• A higher LFG recovery rate of 70% was used in Carre, Crossin and Clune (2013), than 
the other studies. This value was based on an LCA study of a high technology landfill 
site in Melbourne. The landfill gas recovery rate of 55% used in Grant et al. (2001) and 
Grant, James and Partl (2003) was not supported by an explanation.  
• POP, EP and CCP were used in Carre, Crossin and Clune (2013) to represent impacts 
for the transport and collection, MRF processing, landfill processing and landfill 
degradation. AP was selected by Grant, James and Partl (2003) as a suitable indicator 
for the gasification and incineration thermal treatments in addition to other processes.  
• The transport distances used in Grant et al. (2001) and Carre, Crossin and Clune (2013) 
led to relatively insignificant overall impacts.  
 International 
The Buttol et al. (2007) LCA developed three scenarios in Bologna, Italy, that manage MSW 
through several waste treatments including landfill, incineration, compost and other recovery. 
Three scenarios were developed, including one baseline scenario representing the existing 
system with incineration at 30%, a second scenario increasing incineration to 50% and a third 
scenario increasing incineration to 37%. The outcomes had net negative results for GHG 
emissions in each scenario, however, the scenario with the lowest impact from GHG emissions 
(and eutrophication) was the second scenario with the highest proportion of MSW treated by 
incineration. The waste stream is described as MSW, and the waste material compositions of the 
five districts of the study are reported. However, the waste feedstocks into each technology are 
not reported directly, therefore the direct emissions from the waste are not able to be traced in 
each scenario. The incineration technology is described as grate incinerator with secondary 
combustion chamber with energy recovery, and the conversion efficiency factor for heat to 
electricity is 20%. Italian electricity grid mix was reported as majority fossil fuel based with a 
composition of 81.1% thermal, 16.5% hydro, and 2.4% geothermal. It is unclear what the 
thermal power uses a fuel source, however, the credits from the grid resulted in net negative 
results for GHG emissions and acidification. The fossil-fuel based input to the electricity grid is 
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characterised by high emissions of NOX and SOX, therefore any credit from waste energy 
recovery reduced the net acidification impact. 
The Assamoi and Lawryshyn (2012) study analysed the waste system in Toronto, Canada, in 
2011 and developed scenarios around a base case representing BAU as landfilling of the MRF 
residual waste, and a second scenario that had incineration of 1000 tonne per day of waste and 
landfilling the remainder. Like Buttol et al. (2007), the scenarios developed did not test one 
waste management technology directly against another but a combination of integrated waste 
technologies against each other. Although this thesis and Assamoi and Lawryshyn (2012) have 
made a baseline system based on BAU, in which all residual waste is sent to landfill, the 
alternatives will be different. The energy recovery efficiency from the mass-burn incinerator is 
20%, and described as conservative. Results are reported including and excluding electricity 
credits. The outcomes of the study showed the scenario with increased incineration reduced 
impacts from global warming, acidification and nutrient enrichment. However, if credits from 
the electricity grid were not considered than the BAU system (i.e., MRF residual to landfill) was 
preferred.  
The study by Zaman (2010) is a comparative LCA on the three technologies of gasification-
pyrolysis, incineration and landfill for managing MSW. The MSW is not reported by its 
composition, and the absence of specific data for individual waste material limits its analytical 
comparability to this thesis. All technologies, including landfill, are considered to have 
electricity production from energy recovery; however, the recovery rates or conversion 
efficiencies for electricity are not stated. For the indicator of climate change, gasification-
pyrolysis is the best performing technology, second is incineration and lastly, landfill. 
Gasification-pyrolysis performed worst in terrestrial eco-toxicity. However, between the two 
thermal technologies, incineration performed worse than gasification-pyrolysis in acidification, 
eutrophication and human toxicity and global warming was comparable (Zaman 2010). A 
reference used in Zaman (2010) was a UK government public health report, DEFRA (2004), 
which outlines emissions from gasification-pyrolysis waste treatment. All emission values from 
the report have a moderate rating in pedigree-matrix data uncertainty. The emissions from 
DEFRA (2004) are from real activity data based on four gasification-pyrolysis facilities; one in 
the UK, one in Germany and two in Australia. One of the plants in Australia was named as the 
SWERF facility by Brightstar in Wollongong, NSW, and the other one is not disclosed in the 
report. The SWERF in Wollongong, included a pre-sort of plastic and metals before thermal 
treatment. Gasification-pyrolysis LCI in DEFRA (2004) and subsequently in Zaman (2010), is 
limited for direct comparison, given the pre-sortment of materials such as plastic and metals 
from the Brightstar SWERF, and unknown details for the other facilities. Therefore, it could be 
assumed that the gasification-pyrolysis values given in DEFRA (2004) from the four facilities, 
may each have considerably different MSW composition, operations and technology.  
An LCA study based in Singapore compared MSW treatment by gasification-pyrolysis to other 
advanced thermal treatment technologies, including pyrolysis; thermal cracking gasification; 
and combined pyrolysis, gasification and oxidation (Khoo 2009). The functional unit of the study 
was one tonne of product gas (i.e., syngas), as opposed to most other studies that use the mass 
of waste feedstock. The LCA study in Khoo (2009) provided a breakdown of activity data for 
gasification-pyrolysis but did compare standard, non-advanced incineration as is done in either 
Zaman (2013) or Zaman (2010). The results show for the treatment pyrolysis had the lowest 
global warming impact at approximately 165 kg CO2-eq produced per tonne of syngas, followed 
by gasification-pyrolysis with approximately 190 kg CO2-eq (Khoo 2009). The lower impact of 
pyrolysis is partly due to lower start-up energy (Khoo 2009). However, the results for 
acidification, terrestrial eutrophication and photochemical ozone formation show two staged 
gasification-pyrolysis performed the best (Khoo 2009). The process explanation omits the 
specifics of how the thermal treatment technology differs to produce fewer emissions of SO2, 
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SO3, HCl, HF and NOx emissions for terrestrial eutrophication, or fewer emissions of NOX, CO 
and SOX for photochemical ozone formation, therefore limiting the understanding of the 
technical influences of the study. 
The Zaman (2013) LCA study analysed the management of MSW by two thermal treatment 
scenarios of incineration and gasification-pyrolysis. The study reports the emissions from both 
scenarios, however, these are not traced to individual waste fractions and used DEFRA (2004) 
as a reference to activity data, as did Zaman (2010), who referenced only a small sample of 
gasification-pyrolysis plants. The exclusion of material-specific data again means the presence 
of biogenic materials such as paper or food cannot be easily compared to materials like plastic, 
which have already proven to be a key driver in waste management performance. Thus, 
comparing the results to those of this thesis is difficult. Therefore, like Zaman (2010), a high 
degree of uncertainty should be considered if using the results from these studies as a reference 
for comparative analysis. For the MSW results, the differences in the air emissions of nitrous 
oxides and particulates are greater for incineration than gasification-pyrolysis (Zaman 2013). 
Gasification-pyrolysis performed better in relation to acidification by approximately 58%, 
global warming by approximately 2%, eutrophication by approximately 35% and photochemical 
oxidation by approximately 60%. The marginal difference between incineration and gasification 
performance in relation to global warming potentially shows the embodied carbon in the waste 
is converted to carbon dioxide regardless of the thermal technology. In summary, Zaman (2010) 
and Zaman (2013), showed gasification-pyrolysis generally has lower environmental impacts 
than the incineration. However material-specific burdens have not been shown by Zaman (2010) 
and Zaman (2013). The general MSW analysed has unknown waste fractions to compare to the 
MRF residual waste in this thesis. In addition, the LCI used gasification-pyrolysis in Zaman 
(2010) and Zaman (2013), may be more unreliable than the incineration LCI, due to lack of 
commercial facilities in operation.  
2.7 MRF Residual Waste 
MRF residual waste has previously been discussed in Section 2.2 in the context of the wider 
waste management system. This section reviews research into MRF residual waste’s quantity 
and composition. Despite many thermal treatments in Australia proposing to use MRF residual 
waste feedstock, public data from those proponents on expected composition is limited. The 
literature used to develop the waste stream compositions used in this thesis are: 
• MRF Residual Waste Audit, ACT, Australia (APC 2009) 
• MRF Audit Report, ACT, Australia (APC 2014) 
• LCA of Kerbside Recycling, Victoria, Australia (Carre, Crossin & Clune 2013) 
• MRF Quality Assessment Study, United Kingdom (UK) (Enviros Consulting 2009) 
• The environmental comparison of landfilling vs. incineration of MSW accounting for 
waste diversion, Ontario, Canada (Assamoi & Lawryshyn 2012). 
Residual waste is a general term used to define waste material that is left over after processing 
with no further value for reuse, recycling or reprocessing; and is sent to landfill (EPA Victoria 
2013; Western Australia Waste Authority 2013). MRF residual waste is, therefore, simply the 
residual waste generated from a MRF. Common reasons for MRF residual waste include:  
• non-recyclable material being misplaced in the recycling bin (Dubanowitz 2000) such 
as MSW garbage and green waste 
• wet or contaminated paper (Fogarty 2016) 
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• broken glass or glass shards (Dubanowitz 2000) 
• material which is recyclable but not the within the size or weight specifications to be 
extracted through the MRF process (Screen Australia 2017).  
The total MRF residual waste flow in Victoria can be calculated by knowing the proportion of 
MRF residual waste (% mass) and the total flow of MSW recyclables to the MRF. The MSW 
recycling system in Carre, Crossin and Clune (2013) used a MRF residual waste value of 7.8%; 
based on the data provided on contaminants in MSW recycling from Sustainability Victoria. 
Other sources report the proportion of MRF residual waste being 7.3% in Canberra (APC 2009), 
8.0% in Sydney (Screen Australia 2017) and a long-term state average of 7.1% between 2008-
2009 until 2014-2015 in Victoria (Sustainability Victoria 2016). The annual MSW flows, 
including MSW recycling are reported publicly by Sustainability Victoria (2016).  
The composition of the MRF residual waste is expected to be a mixed waste stream comprising 
most MSW materials. The composition of MRF residual waste from a MRF in Hume, Canberra 
was reported in an audit in 2009 (APC 2009). The Hume MRF is reported to manage MSW 
recycling and public drop-off, in proportions 80%, and 20% respectively (APC 2009). The study 
from APC (2009) was commissioned by the ACT Government to report on the contents of MRF 
residual waste to identify inefficiencies in its recycling system. The audit was done by the 
physical separation of waste into categories, taking average samples of 494 kg per day over five 
audit days. The samples were sorted and weighed, with written and photographic descriptions 
(APC 2009). Canberra’s MSW is collected on a fortnightly basis, with recycling available for 
waste materials including plastic containers, steel cans, aerosols, aluminium, paper, cardboard 
and glass (ACT Government 2016). The MSW is collected through 240 L recycling bins 
(Higgins 2016). In 2014, the study was repeated with the same methodology (APC 2014). The 
MRF residual waste change between 2009 and 2014 included a decrease in film plastic by 2.2%, 
an increase in glass fines by 18.4% and an increase in mixed clean paper including cardboard by 
5.0%. The decrease in film plastic could be due to the ACT Government’s ban on lightweight, 
single-use plastic shopping bags, starting in 2011 (APC 2014). The MRF residual waste 
compositions for the 2009 and 2014 studies are reported in Table 2-5.  
Table 2-5: Composition by material breakdown by % mass of MRF residual waste in Hume, 
Canberra (APC 2014) 
Material  2009 Study 2014 Study 
Glass fines (<50 mm diameter)  5.9% 24.3% 
Other items non-comparable across years  8.9% 19.4% 
Mixed clean paper including cardboard  3.7% 8.8% 
Steel  3.9% 5.6% 
Glass containers  2.2% 2.6% 
Non-recyclable glass and crockery  0.5% 0.8% 
Liquid paperboard  0.4% 0.4% 
Expanded polystyrene  0.3% 0.1% 
Aluminium  1.2% 1.0% 
Hazardous  0.5% 0.1% 
Plastic bottles containing liquid  5.3% 4.5% 
Nappies  1.8% 0.6% 
Green waste and timber  2.8% 1.5% 
Mixed plastic containers  5.2% 3.7% 
Automotive parts  1.8% 0.0% 
Textiles  5.1% 3.3% 
Film Plastic  3.7% 1.5% 
PET clear  3.9% 1.6% 
Electrical appliances  4.9% 2.6% 
HDPE semi-opaque  3.7% 0.9% 
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Material  2009 Study 2014 Study 
Food and kitchen waste  7.6% 2.1% 
Other miscellaneous  26.7% 14.5% 
 
In the UK, a MRF study was undertaken in 2008-2009 at 17 facilities across England, Scotland, 
Wales and Northern Ireland to provide data on the composition of waste input, recyclate and 
residual materials. Table 2-6 presents the combined results from those MRF surveys across the 
UK.  
Table 2-6: Composition by material breakdown % mass of average MRF residual waste in the 
UK (Enviros Consulting 2009)  
Material Proportion 
Aluminium cans 1.6% 
Aluminium foil 0.5% 
Brown board 3.7% 
Clear PET bottles 2.6% 
Coloured HDPE bottles 1.1% 
Coloured PET bottles 1.3% 
Grey and white board 4.8% 
Glass 5.4% 
Miscellaneous < 45mm 9.2% 
Miscellaneous > 45mm 8.6% 
Natural HDPE bottles 1.6% 
Newspaper & magazines 13.5% 
Non-targeted fibre 3.2% 
Other dense plastic 15.5% 
Other recyclable paper 5.2% 
Other bottles 0.6% 
Plastic film 8.0% 
Steel cans 1.9% 
Beverage cartons 0.8% 
Textiles 10.8% 
 
Another study to report the composition of MRF residual waste was based in Toronto, Canada. 
The MRF residual waste data shown in Table 2-7 was provided to the researchers by the City of 
Toronto to undertake a comparative LCA (Assamoi & Lawryshyn 2012). The study modelled 
the environmental impacts of managing MRF residual waste through landfill and incineration 
over time where the proportion of biomass-based MRF residual waste was lowered.  
Table 2-7: Composition by material breakdown % mass of MRF residual waste in Toronto, 
Canada (Assamoi & Lawryshyn 2012) 
 Material Proportional  
Food 30.6% 
Garden 7.1% 
Glass 2.3% 
Leather 0.1% 
Metals - Ferrous 1.7% 
Metals - Non-ferrous 0.6% 
Other 17.4% 
Paper mixed 21.4% 
Plastic mixed 14.1% 
Rubber 0.2% 
Textiles 1.4% 
Timber 2.9% 
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2.8 Landfill LCI  
This section reviews the literature for methods and theories used to form LCI of landfills.  
 Landfill Decay Modelling 
The main literary resources for modelling the degradation of biogenic material in landfill were 
available in:  
• National Inventory Report 2015 (Commonwealth of Australia 2017b) 
• IPCC Guidelines for National Greenhouse Gas Inventories. Volume 1, General. (IPCC 
2006b) 
• IPCC Guidelines for National Greenhouse Gas Inventories. Volume 5. Waste. (IPCC 
2006a) 
• Carbon storage during biodegradation of municipal solid waste components in 
laboratory - scale landfills (Barlaz 1998) 
The degradation of biomass material in landfill results in emissions of carbon dioxide and 
methane, contributing to CCP (Commonwealth of Australia 2014). The Intergovernmental Panel 
on Climate Change (IPCC) first order decay (FOD) method decision-making tool, shown in 
Figure 2-11, validates that the Tier 3 method can be used for this thesis because of available 
country-specific parameters and activity data (IPCC 2006a). For Australia, the key parameters 
and activity data needed to calculate GHG emissions from biomass degradation in landfill, using 
the Tier 3 method, are publicly available in Commonwealth of Australia (2017b). This includes 
the fraction of degradable organic carbon (DOC), that represents the carbon in the material which 
can degrade as opposed to the total carbon stock of the material (Commonwealth of Australia 
2014). The DOCs of different materials are outlined in the report by Commonwealth of Australia 
(2017b) for paper, cardboard, food, garden, wood, textiles, sludge, nappies, rubber, leather and 
inert materials. Similarly, the fraction of degradable organic carbon (DOCf) that undergoes 
degradation is also outlined, as is the rate of decay (k) constants specific to different temporal 
climates throughout Australian states. The climate zone for Victoria is dry temperate 
(Commonwealth of Australia 2017b). In addition, Barlaz (1998) explains the degradation of 
biomass is sensitive to the lignin content (rather than cellulose or hemicellulose), because it is 
most resistant to degradation under anaerobic conditions. The total carbon stock representing 
the initial carbon for materials are published in Barlaz (1998) for seeds, grass, leaves, branches, 
food, coated paper, newsprint, cardboard, paper and MSW. Together these provide the activity 
data required to calculate GHG emissions using the IPCC FOD Tier 3 method specifically for 
biomass degradation in landfill for Victoria.  
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Figure 2-11: IPCC first order decay method decision making tool for landfill emissions 
modelling (IPCC 2006a) 
There are two separate issues concerning the use of a 100-year standard temporal timeframe, 
which is a standard measure. The first is an assumption that all biogenic waste does degrade 
within 100 years. The IPCC FOD method assumes biogenic waste will decay into methane and 
carbon dioxide over 100 years in landfill (IPCC 2006a). The second is the Kyoto Protocol, that 
has developed long-term policies based on 100-year standard temporal timeframe. Brandão et 
al. (2012) argues that despite these matters, the use of 100-year timeframes was the best 
approach, as the use of any timeframe can have uncertainty around accuracy.  
 Accounting of Fossil, Biogenic and Atmospheric Carbon 
Carbon can be classified differently depending on the age of the material in which it is stored. 
Biogenic carbon is carbon stored in a plant or biomass material, such as waste paper, food, 
garden or wood (Carre, Crossin & Clune 2013). Fossil carbon is from geological fossil fuel 
reserves such as oil, coal or gas (Grant et al. 2016). Atmospheric carbon is held in the 
atmosphere, which can be converted to biogenic carbon through photosynthesis in biomass, in a 
process referred to as biogenic uptake of CO2 (Grant et al. 2016). In order to trace the biogenic 
and fossil carbon separately, the LCI should label substances as either biogenic or fossil (Grant 
et al. 2016); however, some LCA databases are non-specific. This identification can be done by 
stating the direction of the carbon flow, either as an input from or output to nature; and by 
applying a descriptor of in air, biogenic or fossil. Even though the labelling is independent of 
impacts, it provides the ability to easily trace origins that can be useful in mixed waste systems. 
 Carbon Sequestration 
Carbon sequestration is the process of taking carbon from the atmosphere and storing it, and the 
amount of carbon stored in a material is a result of that process. For LCA studies on landfill, 
methods accounting for impacts of sequestered carbon sequestration differ between 
practitioners, from total exclusion to crediting the benefits in full irrespective of time 
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perspective. In Brandão et al. (2012), there were six methods for carbon sequestration and none 
were highlighted as the most preferred amongst an array of LCA practitioners. In Pickin (2010), 
it is argued that carbon sequestration from biomass should be included. However, it is still 
common practice for LCA studies on landfill waste management to exclude carbon 
sequestration, as a conservative approach. In Grant, James and Partl (2003), different 
assumptions for carbon sequestration had a large influence on the results in the landfill system. 
For example, when sequestered carbon was increased by 10% in landfill, the scenario which had 
three kerbside household bins (co-mingled recyclables, green and food and general waste) 
improved from second best to best in relation to eight other scenario options (Grant, James & 
Partl 2003). Finnveden et al. (2005) and Moberg et al. (2005) formed a two-part LCA study 
which assessed the performance of waste including newsprint and PET in landfill, where carbon 
sequestration in landfill is not included in the baseline results but formed part of a sensitivity 
analysis. In NSW, a report assessing the benefits of recycling was conducted using LCA and 
assessed GHG emissions, energy demand, water use and solid waste (Department of 
Environment Climate Change and Water NSW 2010). For the landfill system, the study assessed 
the impact of carbon sequestration on the results of individual biomass materials in comparison 
to their baseline equivalents; there was a net decrease of 55% for paper, 41% for timber and 45% 
for garden waste if carbon sequestration was included (Department of Environment Climate 
Change and Water NSW 2010).  
The accuracy of the carbon stock data used in the FOD calculations for waste materials is an 
important consideration when estimating environmental impacts including those from carbon 
sequestration. The latest DOC and DOCf in Australia are based on Commonwealth of Australia 
(2017b). Since the previous report, these waste in landfill values have remained the same except 
timber, where the DOCf previously was 0.23, and reduced to 0.10 (Commonwealth of Australia 
2014, 2016a). The reduction of DOCf to 0.10 means that it is expected that most of the carbon 
in timber will remain un-degraded, and giving a larger credit if using a method that counts carbon 
sequestration. Ximenes, Gardner and Cowie (2008) researched timber in landfill, excavating 
landfill sites of 19, 29 and 46 years of age, indicating the DOC values of 0.43 in Commonwealth 
of Australia (2017b) may also be overestimated. The research found low decomposition is 
thought to be related to anaerobic bacteria not reaching cellulose and hemi-cellulose fibres which 
are encrusted in lignin (Ximenes, Gardner & Cowie 2008). 
 Leachate Emissions  
Leachate emissions in landfills include the release pollutants and substances to groundwater, 
river or other bodies of water (Carre, Crossin & Clune 2013). Leachate is generally collected in 
wastewater treatment plants at landfill sites, and treated to meet environmental specifications so 
it can be discharged to the sewer (Carre, Crossin & Clune 2013). Figure 2-12 shows options for 
collected and uncollected wastewater and various treatment options. 
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Figure 2-12: Wastewater treatment system and pathway options for landfill leachate (IPCC 
2006a) 
 
Leachate emissions from wastewater can vary depending on the pathway options shown in 
Figure 2-12. For example, the methane emissions to air are generated from anaerobic treatment 
whereas the aerobic treatments generally produce very little methane (IPCC 2006a). In addition, 
dinitrogen monoxide emissions are caused by the aerobic degradation of nitrogen components 
in the wastewater (IPCC 2006a). Also, the addition of chemicals, such as those to control pH 
and meet other environmental requirements, are other sources of indirect emissions from 
wastewater treatments (Doka 2009).  
2.9  Incineration LCI  
Incineration, as mentioned in Section 2.3.2, is a thermal treatment defined as the combustion of 
waste in excess air with energy recovery (Grant, James & Partl 2003). This section reviews the 
literature for methods used to form LCI of incineration. The primary sources of LCA literature 
for incineration were:  
• Life Cycle Inventories of Waste Treatment Services. Ecoinvent report No. 13, Part II, 
Waste Incineration (Doka 2003b) 
 
• Updates to Life Cycle Inventories of Waste Treatment Services, Part II, Waste 
Incineration (Doka 2013). 
The report by Doka (2003b) was used to develop the ecoinvent regional database for waste 
incineration in MSW incinerators and hazardous waste incinerators, using reference data from 
2000. The aim of the report was to have waste-specific inventories that can be used as building 
blocks for waste management LCA of mixed waste. The Doka (2003b) inventories include 
elemental data and heating values specific to individual waste materials, such as plastic, paper, 
cardboard, garden and other common waste materials. The next update to this report was in 
2013, where LCI was updated for ecoinvent 3.1 global databases (Doka 2013) based on reference 
data from mostly 2010-2012. In this report, changes in relation to incineration technology mix, 
material and energy inputs and net energy credits were discussed.  
 Source Data for Ecoinvent Waste Incineration  
The LCI for incineration are from two studies by Doka (2003b) and Doka (2013), an update of 
the 2003 study. Doka (2003b) reports that although the data is from Switzerland, the inventories 
are suitable for proxies other for modern incineration plants in Europe. Switzerland had 28 
incineration plants in 2000, most of which had either two or three furnace lines. Doka (2013) 
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has not identified a change in the number of incineration plants but has reported that there are 
no longer any incineration plants operating in Switzerland without denitrification (De-NOx) 
technology. Table 2-8 shows the breakdown of average MSW incineration technologies without 
De-NOx, with selective non-catalytic reduction (SNCR), with selective catalytic reactor (SCR) 
high dust and with SCR low dust in Switzerland from 2000 and 2007.  
Table 2-8: Distribution of technology for incineration plants in Switzerland in 2000 (Doka 
2003b) and 2007 (Doka 2013) 
Incineration technology  2000 2007 
Without De-NOX technology 13.8% 0% 
SNCR 29.4% 24.5% 
SCR high dust 32.2% 42.8% 
SCR low dust  24.6% 32.7% 
 
 Input Output for Waste Incineration  
The incineration process is described by Doka (2003b) in Section 2.3.2 is applicable to Figure 
2-13, which shows the material and energy inputs and outputs, including waste material, 
ancillary materials, electricity, natural gas and plant infrastructure.  
 
Figure 2-13: Material and energy flow diagram of an incineration process (Doka 2003b) 
The allocation of ancillary materials is based on the elemental make-up of each waste fraction 
(e.g., plastic, paper, glass etc.) (Doka 2003b). In contrast, process-level inputs are not related to 
the elemental make-up of a particular waste material but on average operating conditions such 
as temperature, flow velocity and oxygen concentrations under a mixed waste stream (Doka 
2003b). An example of this application in Doka (2003b) is the choice to use as the inputs the 
electricity and natural gas values for average MSW rather than for individual waste fractions. 
An update to average electricity and natural gas inputs at the process level were reported in Doka 
(2013). However, there is also new data that bases these electricity and natural gas inputs on 
individual waste fractions for some waste materials.  
 Transformation of Waste Material  
The transformation of a waste material combusted in incineration to emissions are based on the 
output pathways and elemental make-up of the burnable fraction of waste. Equation 2-2 from 
Doka (2003b) shows how to find the transfer co-efficient of an individual element in an output 
pathway from a waste material: 
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𝑇𝐾𝑘(𝑖) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑘
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖 𝑖𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑎𝑠𝑡𝑒 𝑖𝑛𝑝𝑢𝑡
 
Equation 2-2 
 
 
Where,  
TK  Transfer coefficient  
i  Individual element  
k  Output pathway for element  
 
The output pathways of incineration waste are slag, boiler ash, electrostatic precipitator (ESP) 
ash, scrubber sludge, water emissions and air emissions. Table 2-9 shows substances that form 
from elements that are released as emissions to air and water. 
Table 2-9: Transformation of elements to substances in air and water emissions (Doka 2003b) 
Element  Air emission  Water emission  
C CO2 TOC, DOC, BOD, COD 
S Sulphate dioxide SO2 Sulphate SO42- 
N Nitrogen oxide NOX Nitrate NO3- 
P Phosphorus  Phosphate PO43-  
F Hydrogen fluoride HF  (F) 
Cl Hydrogen chloride HCl (Cl) 
Br  Hydrogen bromide HBr  (Br)  
 
However, transfer coefficients for the elements boron, beryllium, scandium, strontium, titanium 
and tungsten are currently unavailable for incinerators so instead come from coal-powered 
electricity production plants (Doka 2003b). In addition, uncertainty of trace elements is high for 
zinc, copper and lead, as so these have high geometric standard deviations for their uncertainty 
factors in the waste incineration databases. There is much greater certainty for elements like 
carbon or hydrogen that constitute a much larger fraction of waste (Doka 2003b).  
2.10 Gasification-Pyrolysis LCI  
Gasification-pyrolysis is an advanced thermal treatment that uses both pyrolysis and gasification 
technology. The Thermoselect process, as described in Section 2.3.3., is a patented thermal 
treatment process, held by Viveria Corporation that involves treating waste through pyrolysis, 
followed by high-temperature gasification (Viveria Corporation 2017). The primary sources of 
literature for Thermoselect include:  
• Time-and-Site-Dependent Life Cycle Assessment of Thermal Waste Treatment 
Processes (Hellweg 2000) 
 
• Case Study: Thermoselect Facility Karlsruhe (Hesseling 2002) 
 
• Thermoselect (Viveria Corporation 2017). 
Hellweg (2000) published a thesis, containing a study using LCA that modelled and compared 
eight thermal treatment processes including gasification-pyrolysis based on Thermoselect. The 
purpose was to understand the groundwater impacts from heavy metal contamination of 
landfilled solid residues. The Hellweg (2000) study focused on MSW in Switzerland, which 
managed 46% of waste by incineration, 41% by recycling and 11% by landfill (Hellweg 2000). 
The results showed Thermoselect contributed to higher contamination from heavy metals than 
incineration due to greater transfer of elements such as cadmium (Cd), lead (Pb), zinc (Zn), 
mercury (Hg) and antinomy (Sb) as solid outputs to landfill. The characterised results of 
   
Thesis for Master of Engineering   37 
 
potential impacts show that incineration outperforms gasification-pyrolysis (i.e., Thermoselect 
for AP, CCP, EP and POP for MSW management (Hellweg 2000).  
Hesseling (2002) produced a report for the Dutch Waste Management Association (DWMA) 
about the Thermoselect plant in Karlsruhe, Germany. The Hesseling (2002) study aimed to 
inform the DWMA of the reliability, environmental impacts and financial aspects of the 
Thermoselect. Hesseling (2002) reported that the environmental emissions measured during 
normal operation at the Karlsruhe plant in 2001 were lower than permitted levels. However, in 
2003, the Karlsruhe plant closed down after only four years of unsteady operation (Jehle 2015) 
due to low performance and high costs leading to the plant being unable to meet requirements 
of its waste contract (Neue Zürcher Zeitung 2002). Another proposed Thermoselect plant in 
Switzerland was cancelled after the experience of Karlsruhe plant (Neue Zürcher Zeitung 2002).  
Despite the experience of the Karlsruhe, in 2017, Thermoselect operated commercially with 
seven plants in Japan and one plant in Italy (Viveria Corporation 2017). The Chiba plant in Japan 
manages 100,000 tonne of MSW, C&I and C&D waste, and 80% of the syngas produced is used 
at a neighbouring steelworks. The Fondotoce plant in Italy manages 30,000 tonne and was built 
as a demonstration plant in 1992 (Viveria Corporation 2017).  
 Thermoselect Process Description  
The Thermoselect process is based on consecutive thermal treatment of waste using pyrolysis 
and high-temperature gasification, see Figure 2-14. The pyrolysis stage compresses the waste 
under limited oxygen in a reductive zone of 600°C (Hellweg 2000). Following that, the dried 
waste enters the high-temperature gasification stage, with inputs of oxygen and natural gas to 
reach 1200°C (Hesseling 2002; Viveria Corporation 2017) . Here, organic matter is transformed 
to syngas, made up of H2 (25-42%), CO (25–4%), CO2 (10-25%) and H2O (Hesseling 2002). 
The inorganic compounds of waste then melt in the homogenizing reactor at 2000°C (Hellweg 
2000; Viveria Corporation 2017), where oxygen and more natural gas are added to produce the 
recyclable mineral residue, as shown in Figure 2-15. Exiting the gasification chamber, the syngas 
is purified by having sodium hydroxide quench and wash the gas which produces final emissions 
to air or water (Hellweg 2000).  
The syngas is able to be combusted in a gas engine to produce electricity for the grid (Hellweg 
2000). Viveria Corporation (2017) reports, in addition to electricity production, syngas may also 
be used for chemical syntheses of hydrogen, methanol, ammonia and kerosene. However, it is 
unknown if any of the plants in Japan or Italy produce chemical syntheses from syngas. At the 
Karlsruhe plant, it was found the energy recovery potential from syngas was lower compared to 
other thermal treatments. This was due to maintaining high temperatures using natural gas in 
order to produce molten mineral residue from the homogenizing reactor (Hesseling 2002).  
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Figure 2-14: Flow diagram from the Thermoselect gasification-pyrolysis process in Hellweg 
(2000)  
 
Figure 2-15: Mineral residue exiting the homogenizing reactor in the Thermoselect process 
(Viveria Corporation 2014) 
The stages of syngas cleaning include quenching, acid scrubbing, alkaline scrubbing and 
desulphurisation (Hesseling 2002). Hesseling (2002) reports that syngas purification uses both 
acid and alkaline chemicals, whereas the process description in Hellweg (2000) has only caustic 
soda (sodium hydroxide), which is alkaline, and not acid.  
The water treatment in the Thermoselect process is required to treat the process water used in 
the syngas cleaning stage, particularly, the quenching that reduces the temperature of syngas 
from 1200 to 70°C, and the scrubbing and the drying phase that use cold water (5 – 10°C) to 
remove residual trace pollutants (Hesseling 2002). The Thermoselect process produces no water 
emissions, managing all wash water through cleaning and evaporation processes (Hesseling 
2002). The quenching process water settles so that solids and sediment can be removed and then 
fed back to the gasification chamber. Process water from the scrubbers has hydrogen peroxide 
added to oxidise and form Fe (111) and sulphate (Hesseling 2002). Caustic soda is added to raise 
the pH, and the sludge is removed by centrifugal separation (Hesseling 2002). Again, the 
removed solids are sent back to the gasification chamber (Hesseling 2002). Another process used 
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in water treatment to remove heavy metals requires acid to reduce the pH, so that the solution 
can be treated with an ion exchanger, reverse osmosis and finally evaporated (Hesseling 2002). 
 Thermoselect for LCA Inventory  
Despite having process descriptions of Thermoselect in Hesseling (2002) and Viveria 
Corporation (2017), Hellweg (2000) is the only source for LCI. The emissions produced from 
burnable waste can be calculated based on the transfer co-efficient to output pathways which are 
syngas, mineral residue, metals, salts, heavy metal concentrate and condensate (Hellweg 2000). 
Although, the elemental breakdown of individual waste fractions are not reported in Hellweg 
(2000), the relevant data is already provided by Doka (2003b) for ecoinvent. Instead, Hellweg 
(2000) reported the elemental breakdown of average MSW in Switzerland its heating values, 
rather than for its waste fractions. The emissions to air produced from the process (not traced to 
waste materials) are reported to be CO2, CO, particles, dioxins, furans, NMVOC and 
formaldehyde (Hellweg 2000). Viveria Corporation (2017) states that, due to the temperature of 
1200°C and residence time of 2 seconds in the gasification chamber, dioxins and furans are 
completely destroyed. However, the Karlsruhe plant reported dioxin and furan emissions in 2001 
(Hesseling 2002). The inputs to the process, including the internal demand of natural gas and 
electricity, are also reported by Hellweg (2000).  
2.11 Electricity Credits  
Appropriate assumptions in relation to the local electricity grid are imperative to the accuracy 
of the thesis within the geographical and technical boundary of Victoria. The burdens or benefits 
measured from electricity inputs and credits within the system boundary provide a point of 
difference between this system, others done in Europe and North America, and local studies in 
the past.  
 Background  
The production inputs to the Victorian electricity grid rely on a market-based mechanism to 
increase or to decrease fuel sources to meet customer demand. The subsequent price of electricity 
is determined by market demand under the regulation of the Australian Energy Market Operator 
(AEMO). The AEMO orders the bids and sets the price based on the highest bid that is able to 
meet the demand of the grid at the given time. The price is determined when the power producers 
submit energy price bids at five minute intervals, which, over six consecutive intervals, form 
half-hour energy price offers (Hessami & Bowly 2011). Figure 2-16 shows that the production 
input of brown coal to the Victorian electricity grid has been reducing from 2008-2009 to 2013-
2014. The grid is  dominated by brown coal at approximately 83%, however, this proportion has 
already reduced from 95% by fuel type from 2008-2009 (Commonwealth of Australia 2015). 
Also, total demand from the Victorian electricity grid has decreased from 55,074 GWh in 2008-
2009 to 52,892 GWh in 2013-2014 (Commonwealth of Australia 2015).  
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Figure 2-16: Production inputs to the Victorian electricity grid from 2008-2009 to 2013-2014 
The Victorian base-load power supply is from brown coal generation (Hessami & Bowly 2011). 
Brown coal power generation is located around the coal seams in the Latrobe Valley, Victoria. 
The coal-fired power stations cannot easily be throttled to change the supply outputs. During 
periods of high electricity demand, gas-fired peaking plants operate to meet the marginal supply 
(Hessami & Bowly 2011). 
LCA databases for high voltage electricity grid in Victoria use Swiss approximations to Australia 
in Life Cycle Strategies (2015) and includes 4.3% energy losses through transmission, 4.50 x 
10-6 kg of ozone per kWh delivered (low population), 5.00 x 10-6 kg of dinitrogen monoxide per 
kWh delivered (low population), 0.0398 m2a of land occupation by year, and 8.44 x 10-9 km and 
3.17 x 10-10 km of transmission network delivery distances per kWh delivered. The low voltage 
electricity grid in Victoria developed by Life Cycle Strategies (2015) includes 5.76% energy 
losses through transmission, 4.59 x 10-9 kg of sulfur hexafluoride per kWh delivered and a 2.94 
x 10-7 km distribution network delivery distance per kWh delivered.  
 Avoided Electricity Grid in LCA  
A credit (in a specified unit) is equal to the net beneficial impact of a substituted process. 
Avoidance of another process, is usually the source of a benefit, assuming the net impact is 
positive. Assumptions around avoided processes are usually treated with sensitivity analyses. 
The relative impact of a substitute electricity grid has been shown to be highly influential on 
waste management LCA results (Assamoi & Lawryshyn 2012; Grant et al. 2001; Grant, James 
& Partl 2003; Villanueva & Wenzel 2007). As energy recovery potential is generally higher 
from incineration than LFG capture for MSW, avoided electricity has shown particular 
advantage for thermal treatments in past studies (Assamoi & Lawryshyn 2012; Grant, James & 
Partl 2003).  
In many comparative waste management LCAs, all systems with energy recovery avoid the same 
processes (e.g., electricity from the grid). However, some studies systems’ credit different 
avoided processes, further complicating analysis. In Moberg et al. (2005), landfill and 
incineration avoid electricity from coal-based electricity production and avoid heat from felled 
forest residues. A sensitivity analysis changes the avoidance from felled forest residue to natural 
gas. The results are sensitive to incineration having greater capacity to avoid heat than landfill. 
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 Allocation of Electricity and Thermal Energy in Co-Production 
The recommended approach to manage allocation of steam and electricity from incineration is 
by economic allocation if there are district grids to uptake those co-products (Doka 2003b). 
Economic allocation is described in Section 2.5.5 as using economic revenue as the parameter 
allocate burdens between co-products (International Standardization Organization 2006b). 
Incineration LCA models based in Switzerland, like Doka (2003b), allocate physical casualty 
between electricity and steam based on net revenue, that is 1.8% for electricity sales and 12.7% 
for district heating. However, in Victoria, there is no district heating. Other LCAs that have only 
considered electricity due to insufficient market demand for district heating or an equivalent 
system including Assamoi and Lawryshyn (2012) whose study was based in Toronto, Canada. 
Villanueva and Wenzel (2007) states that if another system were considered to uptake steam 
instead of district heating (such as adjoining industry) than strong assumptions about the steam 
demand of that system would be required. Economic allocation of electricity and steam from co-
production has therefore been shown to be sensitive to availability of technologies, and 
forecasting the uptake demand of steam from interlinked industries in the system boundary.  
2.12 Greenhouse Gas Accounting  
There are primarily two methods to account for biogenic carbon dioxide in GHG accounting. 
The first is where biogenic carbon dioxide is considered neutral and the other is where biogenic 
carbon dioxide is considered non-neutral (Muñoz et al. 2013). The biogenic carbon dioxide 
neutral method is a debate of non-consensus amongst LCA practitioners (Brandão et al. 2012; 
Claflin 2011; Stashwick 2015; Steubing 2015). Internationally, government and industry 
guidance including the European Union Emissions Trading Scheme, PAS 2050 – Specification 
for GHG emissions of goods and services, and UK Building Regulation, is based on the biogenic 
carbon dioxide neutral method (Johnson 2009). In Australia, the government guidance for GHG 
emissions factors are also based on the biogenic carbon dioxide neutral method (Commonwealth 
of Australia 2016a). The development of the biogenic carbon dioxide neutral method is based 
on separate reporting of direct human-induced land use change and forestry activities by 
countries that ratified the Kyoto Protocol (Johnson 2009). The biogenic carbon dioxide non-
neutral method includes the GHG impacts from biogenic carbon dioxide (Muñoz et al. 2013) 
and therefore does not assume its automatic uptake to carbon sinks. Rabl et al. (2007) advocate 
for the use of the biogenic carbon dioxide non-neutral method, particularly for waste 
management LCA studies. The argument put forward is that waste is already generated 
independently of waste management technologies, and all emissions generated through a waste 
management process should be counted for the purpose of accurately representing reality (Rabl 
et al. 2007).  
An underlying principle of the biogenic carbon dioxide neutral method, is that all biogenic 
carbon dioxide emissions are removed by photosynthesis from plants, however, despite 
uncertainty due to the dynamic nature of carbon stock in forests (Helin et al. 2013). Instead the 
method relies on the IPCC counting net carbon stock through land-use changes (Claflin 2011). 
However, the atmospheric impact of biogenic carbon dioxide and fossil carbon dioxide are 
equivalent (Steubing 2015), and assertions of carbon neutrality have the potential to 
underestimate GHG impacts. Several methods to quantify biogenic carbon dioxide in LCIA with 
consideration to the actual time required to re-sequester combusted biomass into a reference 
system is discussed in Brandão et al. (2012).  
Despite GHG emissions being global, there is insufficient evidence that land management in 
Australia could adequately ensure the uptake of biogenic carbon dioxide for domestic emissions 
alone. In Queensland, land clearing has increased from 83,000 hectares per year in 2009-2010 
to 219,000 hectares per year in 2014-2015 (Queensland Department of Science 2016). Of the 
woody vegetation cleared in Queensland in 2014-2015, 91% of that land was pasteurised and 
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9% was replaced by crops, forestry, mining, infrastructure and settlement in 2015 (Queensland 
Department of Science 2016).  
2.13 Literature Review Conclusion 
In summary, the review of literature has shown there is an identifiable gap in knowledge 
regarding the environmental performance of managing MRF residual waste in Victoria. In 
particular, there are no recent LCA studies that compare the treatment of this material in landfill, 
incineration and gasification-pyrolysis.  
Little analytic attention has been paid to alternative waste management of MRF residual waste, 
as many studies have focused on the understand if, and to what extent, the recycling system is 
beneficial to other waste management options (Carre, Crossin & Clune 2013; Department of 
Environment Climate Change and Water NSW 2010; Grant et al. 2001; Grant, James & Partl 
2003). One of the MRF residual waste LCA studies is from Assamoi and Lawryshyn (2012), 
who undertook an LCA of MRF residual waste, in Toronto, Canada, comparing two integrated 
waste management systems. The MRF residual waste changed based on projections of waste 
fractions from 2011 to 2040. The findings of the Assamoi and Lawryshyn (2012) study showed 
that integrated waste system with incineration outperformed landfill for every indicator if credits 
from an electricity grid mix of fossil fuels (coal, oil and natural gas) were included in the system. 
Importantly, if these credits were not applied than landfill outperformed integrated waste system 
with incineration in each environmental impact category (Assamoi & Lawryshyn 2012). 
Despite, limited LCA studies on MRF residual waste, a review of the composition of waste 
fractions from MRF residual were found in local and international sources (APC 2009, 2014; 
Assamoi & Lawryshyn 2012; Enviros Consulting 2009). A sensitivity analysis using different 
compositions of MRF residual waste can show if, and to what extent, the outcomes change as a 
consequence of chemical properties and LHVs.  
For the case of gasification-pyrolysis, there is also limited available LCA research. Zaman 
(2010) researched the treatment of MSW in Sweden through landfill, incineration and 
gasification-pyrolysis, similar to the scope of this thesis. However, the MSW composition are 
not characterised by waste fractions, nor are emissions reported by sub-processes within the 
system, making origins of burdens difficult to trace. The MSW is based on the LCI of four live 
gasification-pyrolysis facilities. As previously discussed, the quality of data and lack of 
transparency has caused concern for the reliability of results published in Zaman (2010), and for 
Zaman (2013). The details on MSW composition and LHVs from Zaman (2010) are not reported 
in the study, or the source reference from DEFRA (2004). The study also included the energy 
inputs required to operate the technologies and the energy generation on a system level (Zaman 
2010). The major outcomes of these results were that landfill performed best for AP and EP, 
gasification-pyrolysis performed best for CCP, and incineration performed best for POP (Zaman 
2010).  
A review of LCA methodology emphasised the importance of testing alternative assumptions to 
ensure the reliability of results (Finnveden & Ekvall 1998). Previous studies show that avoided 
processes can change the directional outcomes in waste management systems (Assamoi & 
Lawryshyn 2012; Grant et al. 2001; Grant, James & Partl 2003; Villanueva & Wenzel 2007). In 
addition, the characterisation of MRF residual waste was shown to be temporally and regionally 
sensitive (APC 2009, 2014; Assamoi & Lawryshyn 2012; Enviros Consulting 2009). The 
increase in glass fines by 18.4% from the 2009 to 2014 report, as a proportion of MRF residual 
waste, was reported as an outcome the ACT Government’s ban on lightweight, single-use plastic 
shopping bags, starting in 2011 (APC 2014). Although transport is widely addressed with 
sensitivity analyses in previous literature, analyses show transport haulages in multi-process 
systems tend to have a relatively small bearing on the overall impact. Finnveden and Ekvall 
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(1998), in their analysis of seven waste management studies, stated that transport had little 
bearing on the overall result.  
Therefore, although waste management LCA has been the subject of three commissioned reports 
in Victoria and much academic research internationally, nevertheless, there remain the following 
research questions, developed for this thesis: 
1. What is the environmental performance according to a life cycle assessment of 
residual waste from material recovery facilities (MRFs) treated in landfill compared 
to thermal treatment alternatives in Victoria?  
 
2. What are the major sensitivities that underpin environmental performance of these 
systems? 
 
3. How appropriate is the waste management hierarchy as a tool for environmental 
waste management policy?  
As such, this thesis provides additional insight into: 
• composition and characterisation of the MRF residual waste in Victoria  
• performance of 13 individual waste materials within the MRF residual waste  
• LCA models of landfill, incineration and gasification-pyrolysis geographically relevant 
to Victoria, and technologically relevant to the Victorian electricity grid  
• comparison and analysis of the relative performance of two thermal treatment 
technologies: incineration and gasification-pyrolysis  
• assessment of key sensitivities, including credits from avoided processes, use of 
gasification-pyrolysis mineral residue for recycling, carbon accounting methodologies 
and, different residual waste compositions.   
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3. Methodology 
 
In this section, the methodology used to address the research questions and deliver the results is 
reported. The methodology covers the approach taken to develop the inventory data for the 
material recovery facility (MRF) residual waste under treatment, the life cycle assessment (LCA) 
method used to quantify the environmental performance, and data quality assessment.  
3.1 LCA Outline  
LCA was the method used to assess the environmental impacts posed by the research questions 
in this thesis, and is the most developed technique for quantifying environmental impacts. The 
LCA method was based on the requirements in ISO 14040:2006 and ISO 14044:2006 
(International Standardization Organization 2006a, 2006b) in the form of:  
1. Goal and scope definition: to define the thesis’ aims, intended use and processes to be 
studied (system boundary).  
2. Life cycle inventory (LCI): to complete the material and energy flows of processes 
outlined in the system boundary.  
3. Life cycle impact assessment (LCIA): to translate the LCI into indicators of potential 
environmental impacts.  
4. Interpretation: to interrogate the results from the LCI and LCIA phases as a basis for 
discussion, conclusions, recommendations and decision-making in relation to the initial 
goal and scope. 
LCA modelling software, SimPro8.0.4, by PRé Sustainability was used to construct the LCI and 
then generate the results by characterising emissions into potential impacts. An attributional 
approach to modelling was used.  
3.2  LCA Goal and Scope 
The approach for the LCA goal and scope aligns with those from other waste management LCA 
studies. To compare scenarios, the system boundary is limited to end-of-life processes only, and 
the functional unit is defined in reference to waste generated over a period of time in a region or 
country.  
 LCA Goal  
The LCA goal was to evaluate the environmental performance of the alternative waste 
management systems for MRF residual waste from MSW recycling in Victoria, with the baseline 
system being landfill, and the two alternatives being the thermal treatments of incineration and 
gasification-pyrolysis. An LCA model was required to:  
• develop a baseline model of existing waste management systems (including all inputs 
and outputs from transportation, MRF processing and waste treatment in landfill) 
• develop two alternative, thermal treatment models of incineration and gasification-
pyrolysis (including energy recovery systems)  
• assess and compare the environmental performance of these three systems; and a 
conduct a sensitivity analysis to investigate the robustness and variability in outcomes 
of the alternative systems with respect to variations in key parameters. 
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 Target Audience and Intended Use  
The LCA results are expected to interest stakeholders, including the Victorian government, the 
waste management industry and other researchers. This thesis could serve as independent, 
evidence based research to advise public policy and planning for alternative waste management 
in Victoria.  
 Functional Unit  
The functional unit was the management of MRF residual waste from MSW recycling in 
Victoria over one year. Other Australian studies used similar functional unit formulae including 
Carre, Crossin and Clune (2013) with the management of MSW recycling discarded at kerbside 
from the average Victorian household in one year, and Grant, James and Partl (2003) with the 
management of typical MSW in Victoria in one year. The reference flows required to fulfil this 
functional unit were calculated based on data collected in 2013-2014.  
Equation 3-1 was used to calculate the mass of the functional unit from the estimated mass of 
MSW recycling diverted to MRFs in Victoria and the MRF residual fraction: 
𝑚𝐹𝑈 = 𝑚𝑀𝑅𝐹 𝑉𝑖𝑐 × 𝑓𝑅 Equation 3-1 
 
Where, 
mFU = Mass of functional unit (tonne) 
 
mMRF Vic = Mass of MRF material in Victoria over one year (tonne)  
 
fR = Fraction of MRF material diverted to the residual stream (%) 
 
The mMRF Vic value of 595,305 tonne, based on a report published by Sustainability Victoria 
(2016), is equal to the total mass of MSW recycling sent to Victorian MRFs from 2013-2014. 
The fR value was 7.8%, based on a MRF in Melbourne reported in Carre, Crossin and Clune 
(2013). The management of one year of MRF residual waste from MSW recycling in Victoria 
was equivalent to 45,000 tonne of residual waste. The precise value calculated was 44,647 tonne, 
which was rounded to define the functional unit.  
The waste material categories of the functional unit, refer to Table 3-2, are based on the results 
from the MRF residual waste survey in APC (2014), presented in Section 2.7. Where the waste 
materials were not indicated, assumptions were used to estimate composition. This is because 
the LCI database used is based on common individual waste materials. For example, composite 
products were assumed to have equal splits to individual waste materials unless there was 
sufficient evidence otherwise. The following assumptions were applied to the raw data from the 
APC (2014) survey results to fulfil the waste materials categories in this thesis:  
• Aluminium was to be waste material: aluminium.  
• Automotive parts’ composition were unknown and were to be waste material: general 
metals.  
• Non-recyclable glass and crockery were to be an equal spilt by mass of waste 
materials: glass and masonry.  
• Electrical appliances’ composition were unknown and were to be an equal split by 
mass of waste materials: mixed plastic and metals. 
• Food and kitchen waste was to be waste material: food.  
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• Green waste and timber was to be an equal split by mass of waste materials: garden 
and timber.  
• Glass containers and glass fines were to be waste material: glass.  
• Hazardous were to be waste material: hazardous.  
• Liquids were excluded as the thesis is only assessing solid waste. APC (2014) refers 
to liquids being from plastic drink containers, and therefore assumed as having 
negligible calorific value.  
• Mixed paper, cardboard and liquid paperboard were to be waste material: mixed 
paper.  
• Nappies were to be waste material: nappies.  
• Other miscellaneous are described by APC (2014) as composites, appliance parts, 
crates and boxes, toys, houseware/kitchenware, furniture, plant pots, mouldings, 
irrigation fittings; and was assumed to be representative of other waste materials’ 
composition. 
• Other items are described by APC (2014) generically, such as long or large and 
heavy, and were assumed to be representative of other waste materials’ composition.  
• Polyethylene terephthalate (PET), high-density polyethylene (HDPE), mixed rigid 
plastic container, plastic film and bags, expanded polystyrene (PS) and other plastic 
from APC (2014) were to be waste material: mixed plastic.  
• Steel was to be waste material: steel.  
• Textiles’ composition from APC (2014) were unknown to be either synthetic (e.g., 
polyester) or natural (e.g., cotton or wool fibres); therefore, the breakdown was 
assumed to be 63% synthetic and 37% natural, based on Australian consumption of 
textiles reported in Textile World (2015). Synthetic fibre was assumed to be waste 
material: mixed plastic, and natural fibre was assumed to be waste material: natural 
textiles. 
Having applied the above assumptions to the raw survey data from APC (2014), the waste 
fractions were then categorised as shown in Table 3-1. 
Table 3-1: Fraction of waste material composition (% mass) calculated in MRF residual waste  
Waste Material Proportion (%) 
Aluminium 1.6% 
Food 3.4% 
Garden 1.2% 
Glass 44.4% 
Hazardous 0.2% 
Masonry  0.7% 
Metals, general 2.1% 
Nappies 1.0% 
Paper, mixed 15.0% 
Plastic, mixed  18.2% 
Steel 9.1% 
Textiles, natural 2.0% 
Timber 1.2% 
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Equation 3-2 was used to calculate the mass of each waste material, given the functional unit 
mass of 45,000 tonne and the data from Table 3-1. 
𝑚𝑊𝑀 = 𝑚𝐹𝑈 × 𝑓𝑊𝑀  Equation 3-2 
 
Where, 
mWM = Mass of waste material (tonne) 
 
mFU = Mass of functional unit (tonne)  
 
fWM = Fraction of waste material from total stream (%) 
 
Table 3-2 shows the mass of each waste material of the functional unit that represents the MRF 
residual waste in Victoria over one year.  
Table 3-2: Mass flow (tonne) of each waste material of the functional unit  
Waste Material Mass (tonne) 
Aluminium 732 
Food 1537 
Garden 549 
Glass 19976 
Hazardous 73 
Masonry  293 
Metals  951 
Nappies 439 
Paper, mixed 6732 
Plastic, mixed  8180 
Steel 4098 
Textiles, natural 893 
Timber 549 
 
The average lower heating value (LHV) of the MRF residual waste is 8.6 MJ/kg, calculated as 
the sum product of proportion of waste materials shown in Table 3-1, and their respective LHV 
as waste fractions reported in Table D-1. 
 System Boundary  
The system boundary of the LCA, Figure 3-1, displays the foreground processes that are 
included and excluded from the model. The major foreground processes within the system 
boundary are: 
• transport from kerbside to MRF (general assumption for state average)  
• MRF processes (fuel and electricity inputs)  
• transport from MRF to waste treatment systems (general assumption for state average) 
• landfill system 
• incineration system  
• gasification-pyrolysis system.  
The background processes that are also included but are not shown in the system boundary 
diagram are: 
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• Victorian electricity production  
• natural gas extraction and supply (sensitivity analysis only)  
• fossil fuel extraction and processing (transport fuels) 
• infrastructure associated with each system including the MRF  
• landfill wastewater treatment plant.  
The system boundary was limited to end-of-life waste management and excluded the other life 
cycle stages of the materials that become the waste: 
• raw material extraction  
• processing and manufacture  
• distribution  
• consumer use phase.  
 
Figure 3-1: System boundary diagram outlining included processes inside the boundary and 
excluded processes outside the boundary 
The exclusion of capital equipment, maintenance and human labour were justified in Durlinger, 
Crossin and Wong (2013), who explained that the alternative and baseline systems were similar. 
This thesis has followed the approach taken by Durlinger, Crossin and Wong (2013) with regard 
to maintenance and human labour, however, in this model, the plant infrastructure was included 
so that burdens from capital equipment are able to be measured as part of the potential impacts.  
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 Allocation of Burdens   
As the recyclate component is not included in the study, all the impacts associated with 
collection and transportation and the MRF are allocated entirely to the residual waste.  
3.3 Life cycle inventory  
This subsection aims to outline the methodology used to develop the LCI. The complete LCI 
used in the model is presented in Appendix A. The LCI required to develop the model within 
the system boundary was selected using the following hierarchical order:  
• primary data, e.g., directly applicable to the process under investigation, sourced from 
industry reports and other communication 
• secondary data, e.g., journal papers, industry-wide averages, background databases and 
data libraries 
• tertiary data, e.g., from educated estimates and calculations.  
Following the hierarchical order outlined above, where direct industry data from reports was not 
available, secondary data was supplemented. Going on, if the secondary data was unavailable, 
tertiary data was used to fill any data gaps in the model. The LCI database libraries sourcing 
used in the model were accessed from SimPro8.0.4 and include:  
• ecoinvent 3.1 (Wernet et al. 2016) which is a Swiss managed not-for-profit 
organisation and provides global data over a wide range of processes. 
• AusLCI Unit Processes, Version 2015.02 (AusLCI 2015) which contains a 
regionalised shadow database from ecoinvent 2.0. 
• Australasian Unit Processes, Version 2015.02 (Life Cycle Strategies 2015) which 
contains a regionalised shadow database from ecoinvent 2.0. 
It is noted that ecoinvent 3.1 has been developed to represent processes in relation to economic 
activity. The intention of this development from the former version was to cover advancements 
in data management, globalisation and flexibility (Weidema et al. 2013). Global datasets were 
used in ecoinvent 3.1 to represent data from average global production.  
 Waste material LCI  
The complete waste material LCI is presented in Table D-1 detailing the waste material, upper 
and LHV, elemental composition and moisture content. The mass flow of LCI includes the 
moisture content from each waste material. Particular assumptions for mixed paper, mixed 
plastic and hazardous categories are:  
• the mixed paper category was based on a mass material composition of 10% newspaper 
and 90% packaging paper (Doka 2003a).  
• the mixed plastic category was based on a mass material composition of individual 
plastic, including polyethylene (PE), polypropylene (PP), polystyrene (PS), 
polyurethane (PU), polyvinyl chloride (PVC) and PET (Doka 2003a).  
• the hazardous category was based on Swiss data describing hazardous waste types from 
1999; and included acids, solvents, emulsions with metals, oil mixtures, oil separator 
sludge and others (Doka 2003a).  
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 Shared Process LCI  
The inputs to operate the MRF were based on Carre, Crossin and Clune (2013), who accounted 
for electricity at 27.45 kWh per tonne, energy from LPG at 31.44 MJ per tonne and an 
infrastructure input at 1.84 x10-8 plant (p) per tonne. MRF data from Carre, Crossin and Clune 
(2013) was based on the SKM MRF in Coolaroo and another non-identified regional Victorian 
MRF in 2011-2012. The transport is assumed to have diesel usage of 13.1 L per tonne of waste 
for a disposal distance of 17 km from the kerbside to the MRF and 20 km to each waste facility. 
Carre, Crossin and Clune (2013), who used a waste collection and transport model in Victoria, 
reported that 13.1 L of diesel fuel per tonne of waste was required to transport kerbside 
recyclables to the MRF as a state average. The calculation is based on the 604,144 tonne of 
MSW recycling collected in 2007-2008, requiring 7,941,037 L of fuel for transport and 
collection. The transport distance from the MRF to each waste disposal site was assumed to be 
25 tonne.km (tkm).  
 Electricity Grid LCI  
The Victorian electricity production input mix to the grid was based on the production data for 
the 2013-2014 financial year (Commonwealth of Australia 2015), as shown in Table 3-3. The 
Australasian Unit Process (Life Cycle Strategies 2015) database was used for each electricity 
production source input. Additional data about electricity production and transmission was based 
on Swiss approximations to Australian processes from Australasian Unit Process (Life Cycle 
Strategies 2015). The remaining LCI accounted for 4.50 x 10-6 kg of ozone per kWh delivered 
(low population), 5.00 x 10-6 kg of dinitrogen monoxide emissions per kWh delivered (low 
population) and 4.3% energy losses through transmission. In addition, the transmission network 
length was 8.44 x 10-9 km per kWh delivered from Swiss approximations.  
Table 3-3: Victorian electricity grid production inputs in the financial year 2013-2014 
(Commonwealth of Australia 2015) 
Production Input Allocation 
Brown Coal  83.39% 
Hydropower  2.09% 
Wind  5.26% 
Natural Gas  6.14% 
Solar  1.43% 
Biogas  1.68% 
 Landfill LCI  
The landfill LCI was based on emitted substances from the degradation of waste, including 
carbon dioxide and methane, as well as minor emissions from leachate, calculated using landfill 
Intergovernmental Panel on Climate Change (IPCC) first order decay (FOD) modelling over 100 
years. Other LCI for other processes was mostly sourced from AusLCI Unit Processes, Version 
2015.02 database. The landfill system is represented by the basic process flow diagram in Figure 
3-2 with:  
• credit for avoided electricity from the Victorian electricity grid  
• process-specific burdens for landfill  
• process-specific burdens wastewater treatment plant  
• plant (infrastructure) inputs for landfill and wastewater treatment plant  
• emissions from the combustion of LFG  
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• direct emissions from the MRF residual waste.  
 
Landfill
Wastewater treatment
Electricity Production
Electricity to grid
Landfill Gas Capture 
Emissions to air
Leachate
Waste input
Emission to water
Emission to air
Landfill Gas Flaring 
Emission to air
 
 
Figure 3-2: Basis process flow diagram for landfill system 
The credit for electricity production in the landfill system was from the Victorian electricity grid. 
The electricity production potential from LFG was 17.6 MJ per kg. This value was based on a 
35% efficiency factor for electricity production and a methane energy content of 50 MJ per kg, 
sourced from Carre, Crossin and Clune (2013). The quantity of methane captured for electricity 
production and flaring was calculated and is outlined Section 3.3.5. The net electricity credit for 
the treatment of 45,000 tonne MRF residual in landfill was calculated to be 9.86 x 106 MJ. Table 
3-4 shows electricity production potential from each waste material treated.  
Table 3-4: Electricity generation potential from each waste material in the landfill system using 
LFG  
Waste material Electricity (MJ/t) 
Aluminium 0 
Food 837 
Garden 579 
Glass 0 
Hazardous 0 
Masonry 0 
Metals 0 
Plastic, mixed 0 
Nappies 663 
Paper, mixed 1083 
Steel 0 
Textiles, natural 663 
Timber 152 
 
   
Thesis for Master of Engineering   52 
 
Process burdens for the landfill system were derived from the average electricity and average 
diesel required to manage the waste. A report by Pickin (2010) on the Wollert landfill in 
Melbourne was used as a reference for these flows, shown in Table 3-5.  
Table 3-5: Landfill LCI for process burdens of electricity and diesel for operations required to 
manage one tonne of waste  
Landfill Process Specific Burdens Input  Flow  
electricity, high voltage UPDATED AD, Victoria/AU U 0.47 kWh 
Diesel used in industrial machinery, per litre fuel/AU U 1.4 L 
 
The process burdens for treatment of one cubic meter of leachate in the wastewater treatment 
plant, presented in Table 3-6, were sourced from Carre, Crossin and Clune (2013). It was 
assumed that 2.5 x 10-3 m3 of leachate was generated from the treatment of 1 kg of dry waste. 
The volume of leachate was calculated based on dry waste derived from the moisture contents 
reported in Table D-1. For the landfill system, the wastewater treatment plant’s transport 
processes are considered as internal transport, the iron sulphate and the aluminium sulphate are 
considered as ancillary materials, and the slurry spreading is considered as waste processing.  
Table 3-6: Landfill LCI for process burdens needed to manage one cubic meter of leachate in 
the wastewater treatment plant  
Wastewater Treatment Process Specific Burden Flow  
Transport, freight, rail/RER U/AusSD U/Link U 0.01935 tkm  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 0.012759 tkm  
electricity, low voltage, Victoria Updated AD /AU U 0.20571 kWh  
Iron sulphate, at plant/RER U/Adapted/AU U 0.01166 kg  
Aluminium sulfate, powder (GLO)| market for | Alloc Def, U 0.0031512 kg  
Slurry spreading, by vacuum tanker/CH U/AusSD U 0.0003964 m3 
Sewer grid, class 3/CH/I U/AusSD U 2.178E-7 km  
Wastewater treatment plant, class 3/CH/I U/AusSD U 5.688E-9 p  
 
The infrastructure required in the construction of the landfill site was examined in Section 2.3. 
The landfill infrastructure was based on Carre, Crossin and Clune (2013), who estimated a 
landfill capacity was 1,800,000 m3, and an infrastructure plant burden of 5.56 x 10-7 p per tonne 
of waste, and assumed a waste input density of 1 t per m3. Table 3-7 presents the LCI for the 
landfill infrastructure, including the clay base, lining and piping.  
Table 3-7: Landfill LCI for infrastructure plant burdens from the construction of the landfill at 
1,800,000 m3 capacity  
Landfill Infrastructure Input  Flow  
Occupation, traffic area, road network 9 x 106 m2a 
Diesel used in industrial machinery, per litre fuel/AU U 2.44 x 105 L  
Gravel, crushed, at mine/CH U/AusSD U 9.12 x 104 tonne  
Clay, at mine/AU U 2.05 x 105 tonne  
Polyethylene, HDPE, granulate, at plant/AU U 219 tonne  
Polyethylene, LDPE, film, at plant/AU U 219 tonne  
Polyethylene, HDPE, granulate, at plant/AU U 102 tonne  
Extrusion of PVC pipe/AU U 102 tonne  
Transport, freight, lorry >32 metric ton, EURO3 (GLO)| market for | 
Alloc Def, U 
2.29 x 107 tkm  
 
The infrastructure burdens for the wastewater treatment plant were based on Wastewater 
treatment plant, class 3/CH/I U/AusSD U were from the AusLCI database (AusLCI 2015). The 
burden attributed to the system was 6.67 x 10-12 p per kg of waste sourced from Carre, Crossin 
and Clune (2013), based on estimates the plant would managed 5,000,000 m3 of wastewater over 
a 30 year lifetime. The low-voltage electricity input to the wastewater treatment plant was 
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adapted from AusLCI, Version 2015.02 database, based on production inputs for the Victorian 
electricity grid in 2013-2014, as shown in Table 3-3. 
The emissions from the combustion of LFG were based on the conversion of methane captured 
for flaring and electricity, calculated using the IPCC FOD method, presented for each biomass-
based waste material in Table B-1. The background processes for the treatment of LFG is based 
on Electricity landfill gas, sent out/AU U from the AusLCI database. 
The waste-specific emissions to air and water have been outlined separately in Section 3.3.5 and 
Section 3.3.6.  
 Landfill Biomass Degradation  
The methodology to calculate the biogenic degradation of waste material in landfill into carbon 
dioxide and methane was based on the IPCC FOD method developed in IPCC (2006a) for solid 
waste disposal systems. Table 3-8 presents landfill degradation factors and assumptions made 
in context to the geographical scope, Victoria. The landfill technology, based on the data of 
Wollert landfill from Pickin (2010), was assumed to represent a state-wide average for landfill 
technology in Victoria. It was assumed other landfills in the state have similar design standards 
similar to Wollert landfill for LFG collection, electricity production and flaring.  
Table 3-8: Assumptions for factors in landfill degradation calculations 
Factor  Value  Source  
Fraction of carbon stock to CH4  50% (Commonwealth of Australia 2017b) 
Fraction of carbon stock to CO2  50% (Commonwealth of Australia 2017b) 
LFG collection rate  70% (Pickin 2010) 
Years of electricity production  30 (Pickin 2010) 
Years of flaring after last year of 
electricity generation  10 (Pickin 2010) 
Methane recovered but not oxidised  1.50% (Pickin 2010) 
Methane correction factor  1 (Commonwealth of Australia 2017b) 
Methane oxidised through landfill cap  10% (Commonwealth of Australia 2017b) 
 
Key parameters to estimate the generation of emissions from biogenic carbon stock are the initial 
carbon stock (Ci), degradable organic component (DOC), fraction of DOC which degrades 
(DOCf) and the decay rate (k). The Ci for biomass-based waste material categories of mixed 
paper, garden, timber and food were from Barlaz (1998). The Ci used for both nappies and 
natural textiles was 0.502, based on the general MSW value in Barlaz (1998) because specific 
Ci references for those waste materials were unavailable. The DOC and DOCf values used in the 
model were sourced from Commonwealth of Australia (2017b). The decay rate used in the model 
was based on dry temperate conditions, applicable to Victoria as indicated in a climate zone map 
of Australia by Commonwealth of Australia (2017b). Table 3-9 presents the biomass-based 
waste materials and key parameters for calculating degradation estimates.  
Table 3-9: Material specific parameters for landfill degradation calculations for biomass-based 
waste materials with Ci sourced from (Barlaz 1998) and DOC, DOCf and k sourced from 
Commonwealth of Australia (2017b) 
Waste Material  Ci  DOC  DOCf  k 
Paper mixed 0.403 0.4 0.49 0.04 
Garden  0.4487 0.2 0.47 0.05 
Nappies  0.502 0.24 0.50 0.04 
Textiles  0.502 0.24 0.50 0.04 
Timber 0.494 0.43 0.10 0.02 
Food  0.508 0.15 0.84 0.06 
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The IPCC FOD method used time dependent calculations for estimating emissions from landfill 
decay over a 100-year time horizon. The time intervals were one year, and the yearly emissions 
over 100 years are shown in for mixed paper in Table B-2, garden in Table B-3, nappies in Table 
B-4, natural textiles in Table B-5 , timber in Table B-6 and food in Table B-7 In addition, a 
summary of the emissions calculated by the FOD method can be found in Table B-1.  
The following series of time dependent calculations were required to estimate emissions for 
methane, carbon dioxide and carbon to soil (carbon storage) in the model over 100 years.  
Equation 3-3 shows the calculation to quantify the mass of decomposable DOC deposited in the 
landfill at time intervals of one year.  
𝐷𝐷𝑂𝐶𝑚 𝑑𝑒𝑐𝑜𝑚𝑝𝑇 = 𝐷𝐷𝑂𝐶𝑚𝑎𝑇−1 × (1 − 𝑒
−𝑘) Equation 3-3 
 
where,  
DDOCm decompT = DDOCm decomposed in year T 
 
DDOCmaT-1  = DDOCm accumulated in landfill at the end of year (T-1) 
 
k = reaction constant k = ln (2)/t1/2 (y-1) 
 
t1/2 = half-life time (y) 
 
T = inventory year 
 
 
Equation 3-4 shows the calculation to quantify the mass of methane generated from the 
decomposable DOC deposited in the landfill at time intervals of one year.  
𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇 = 𝐷𝐷𝑂𝐶𝑚 𝑑𝑒𝑐𝑜𝑚𝑝𝑇 × 𝐹 × 16/12 Equation 3-4 
 
where,  
CH4 generatedT  = amount of CH4 generated from DOC material 
 
DDOCm decompT  = DDOCm decomposed in year T 
 
F = fraction of CH4 in generated landfill gas 
 
16/12 = molecular weight ratio CH4/C  
 
T = inventory year 
 
Equation 3-5 shows the calculation to quantify the mass of carbon dioxide generated from the 
decomposable DOC deposited in the landfill at time intervals of one year.  
𝐶𝑂2𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇 = 𝐷𝐷𝑂𝐶𝑚 𝑑𝑒𝑐𝑜𝑚𝑝𝑇 × (𝐹 − 1) × 44/12 Equation 3-5 
 
where,  
CO2 generatedT = amount of CH4 generated from DOC material  
 
DDOCm decompT  = DDOCm decomposed in year T 
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F -1 = fraction of CO2 in generated landfill gas 
 
44/12 = molecular weight ratio CO2 /C 
 
T = inventory year 
 
 
Equation 3-6 shows the calculation to quantity the mass of methane that is generated and 
captured in the LFG collection at time intervals of one year.  
𝐶𝐻4𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑𝑇  = 𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇  × 𝑅𝑇 Equation 3-6 
 
where,  
CH4 capturedT = amount of CH4 captured from DOC material 
 
CH4 generatedT  = amount of CH4 generated from DOC material 
 
RT = landfill gas recovery rate 
 
T = inventory year 
 
 
Equation 3-7 shows the calculation to quantify the remaining methane from Equation 3-6 that 
is not captured in the LFG collection at time intervals of one year.  
𝐶𝐻4𝑛𝑜𝑡 𝑐𝑎𝑝. (𝐶𝐻4)𝑇  = 𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇  × (1 − 𝑅𝑇) × (1 − 𝑂𝐹𝑇) Equation 3-7 
 
where,  
CH4not cap.(CH4) T = amount of CH4 not captured from DOC material  
 
CH4 generatedT  = amount of CH4 generated from decomposable material 
 
RT = landfill gas recovery rate  
 
OFT = oxidation factor  
 
T = inventory year  
 
𝐶𝐻4𝑛𝑜𝑡 𝑐𝑎𝑝. (𝐶𝑂2)𝑇  = 𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇  × (1 − 𝑅𝑇)×𝑂𝐹𝑇 Equation 3-8 
 
Equation 3-8 shows the calculation to quantify the methane gas that is not captured in the LFG 
collection and gets oxidised to carbon dioxide at time intervals of one year.  
𝐶𝐻4𝑛𝑜𝑡 𝑐𝑎𝑝. (𝐶𝑂2)𝑇  = 𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑇  × (1 − 𝑅𝑇) × 𝑂𝐹𝑇 Equation 3-8 
 
where,  
CH4not cap. (CO2) T = amount of CH4 not captured from DOC material oxidised to CO2 
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CH4 generatedT  = amount of CH4 generated from decomposable material 
 
RT = landfill gas recovery rate  
 
OFT = oxidation factor  
 
T = inventory year  
 
Equation 3-9 shows the calculation to quantify the methane emitted through the landfill cap at 
time intervals of one year.  
𝐶𝐻4𝑒𝑚𝑖𝑡. 𝑐𝑎𝑝𝑇  = 𝐶𝐻4𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑𝑇  × 𝐸𝐶𝑇 Equation 3-9 
 
where,  
CH4emit. cap T = amount of CH4 emitted to air through landfill cap 
 
CH4 capturedT  = amount of CH4 generated from decomposable material captured 
 
ECT = methane rate emitted through landfill cap  
 
T = inventory year  
 
Equation 3-10 shows the calculation to quantify the methane captured for the generation of 
electricity at time intervals of one year. 
𝐶𝐻4𝑒𝑙𝑒𝑐. 𝑔𝑒𝑛.𝑇 = 𝐶𝐻4𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑𝑇 − 𝐶𝐻4𝑒𝑚𝑖𝑡. 𝑐𝑎𝑝𝑇  Equation 3-10 
 
where,  
CH4 elec.gen. T = amount of CH4 captured for electricity generation at landfill  
 
CH4 capturedT  = amount of CH4 generated from decomposable material captured 
 
CH4emit. cap T = amount of CH4 emitted to air through landfill cap 
 
T = inventory year  
 
Equation 3-10 shows the calculation to quantify the methane captured for flaring at time 
intervals of one year. 
𝐶𝐻4𝑓𝑙𝑎𝑟𝑖𝑛𝑔𝑇 = 𝐶𝐻4𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑𝑇 − 𝐶𝐻4𝑒𝑚𝑖𝑡. 𝑐𝑎𝑝𝑇  Equation 3-11 
 
Where,  
CH4 flaring. T = amount of CH4 captured for flaring at landfill  
 
CH4 capturedT  = amount of CH4 generated from decomposable material captured 
 
CH4emit. cap T = amount of CH4 emitted to air through landfill cap 
 
T = inventory year  
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Equation 3-12 shows the calculation to quantify the carbon sequestered from the non-
decomposable carbon stock deposited in the landfill at time intervals of one year.  
𝐶 𝑠𝑡𝑜𝑟𝑎𝑔𝑒(𝑁𝐷𝑂𝐶)𝑇 =  ((𝐶𝑖 − 𝐷𝑂𝐶) × 𝑒
−𝑘)
𝑇
 × (1 − 𝑒−𝑘) Equation 3-12 
 
where,  
C storage(NDOC)T = amount of carbon stored from the NDOC carbon stock 
 
Ci = initial carbon stock 
 
DOC = degradable organic carbon 
 
k = reaction constant k = ln (2)/t1/2 (y-1) 
 
t1/2 = half-life time (y) 
 
T = inventory year  
 
Equation 3-13 shows the calculation to quantify the amount of carbon sequestered from the 
fraction of decomposable carbon stock deposited in landfill that does not degrade at time 
intervals of one year.  
𝐶 𝑠𝑡𝑜𝑟𝑎𝑔𝑒(𝐷𝑂𝐶𝑓−1)𝑇 =  (𝐷𝑂𝐶𝑓−1 × 𝑒
−𝑘)
𝑇
 × (1 − 𝑒−𝑘) Equation 3-13 
 
Where,  
C storage(DOCf-1) T = amount of carbon stored from the DOC carbon stock 
 
DOCf-1 = fraction DOC that does not degrade 
 
k = reaction constant k = ln (2)/t1/2 (y-1) 
 
t1/2 = half-life time (y) 
 
T = inventory year  
 
Finally, the direct emissions to air were categorised as air, in high population. 
 Wastewater Leachate Emissions  
The LCI for the leachate emissions to air and water were calculated using data from waste 
management literature (Doka 2009) for each waste material. In addition, the GHG emissions 
from leachate to air are based on the IPCC FOD method developed in IPCC (2006a). The 
parameters used to calculate emissions to water are the elemental composition, the degradability 
of the waste material over 100 years, the release factor from each element and the fraction of the 
element released as gas during the methane phase. Table 3-10 shows the degradability of waste 
materials over 100 years in landfill.  
Table 3-10: Degradability of waste material over 100 years in landfill (Doka 2009) 
Waste Material Degradability Value 
Office Paper 39.34% 
Cardboard 32.44% 
Paper average 26.99% 
Coated paper 18.20% 
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Waste Material Degradability Value 
Newsprint 16.17% 
Wood 3.30% 
Plastic/Paint 1.00% 
Compostable materials 27.00% 
Textiles 12.00% 
Bulk Metals 50.00% 
Gypsum 100.00% 
Wood ash 5.00% 
Sludges 60.00% 
  
The selection of degradability values from Table 3-10 for the waste materials in this thesis is 
shown in Table 3-11.  
Table 3-11: Degradability values for waste material in landfill chosen for leachate calculations  
Waste Material Degradability Value 
Aluminium 50.00% 
Food 27.00% 
Garden 27.00% 
Glass 50.00% 
Hazardous 1.00% 
Masonry 27.00% 
Metals  50.00% 
Nappies 12.00% 
Plastic, mixed 1.00% 
Paper, mixed 26.99% 
Steel 50.00% 
Textiles, natural  12.00% 
Timber 3.30% 
 
For waste materials that were not specifically outlined in Table 3-10, the following assumptions 
were made for the selection of the degradability value:  
• Glass used the degradability value from bulk metals on the basis of both materials being 
slow to degrade.  
• Hazardous used the degradability value from paint as it appeared the most comparable 
due to hazardous containing solvents and emulsion materials in its waste material LCI 
(outlined in Section 3.3.1).  
The release factors represented the fraction of decomposed waste that is released as an emission 
on an elemental basis. For some elements, mostly salts, the release factors were greater than 
100%, because those elements’ emissions can occur faster than the decomposition of the waste 
material because the emissions are highly soluble (Doka 2009). Additionally, on an elemental 
basis, the literature presented the fraction of the element emitted to gas. Table 3-12 presents 
these values together.  
Table 3-12: Elemental release factor and fraction of landfill emissions to from literature for 
decomposed waste material (Doka 2009)  
Element  Release Factor (RF) Fraction of emission to gas (%gasE) 
O 100% 97.100% 
H 100% 97.100% 
C 100% 97.100% 
S 44% 14.900% 
N 250.00% 6.440% 
P 5.59% 0.000% 
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Element  Release Factor (RF) Fraction of emission to gas (%gasE) 
B 673.00% 0.000% 
Cl 255.00% 1.380% 
Br 255.00% 1.380% 
F 45.20% 83.800% 
I 255.00% 1.380% 
Ag 0.49% 2.900% 
As 18.00% 1.380% 
Ba 115.00% 0.025% 
Cd 17.70% 0.662% 
Co 32.20% 0.025% 
Cr 1.14% 0.025% 
Cu 0.49% 0.029% 
Hg 9.59% 28.600% 
Mn 115.00% 0.025% 
Mo 10.50% 0.025% 
Ni 5.82% 0.025% 
Pb 0.59% 0.033% 
Sb 10.50% 0.025% 
Se 10.50% 0.025% 
Sn 0.59% 0.025% 
V 10.50% 0.025% 
Zn 4.74% 0.022% 
Be 5.82% 0.025% 
Sc 9.01% 0.025% 
Sr 5.82% 0.025% 
Ti 5.00% 0.025% 
Tl 5.82% 0.025% 
W 10.50% 0.025% 
Si 5.00% 0.025% 
Fe 1.37% 0.025% 
Ca 13.00% 0.025% 
Al 5.00% 0.025% 
K 73.10% 0.025% 
Mg 61.70% 0.025% 
Na 414.00% 0.025% 
 
TOC stands for total organic carbon, COD stands for chemical oxygen demand and BOD stands 
for biological oxygen demand. The following elements were assumed to form water-based 
compounds, as sourced from literature (Doka 2009): 
 
Carbon (C) = TOC 
 
TOC = DOC 
 
COD = TOC, by ratio 1.09  
 
BOD = TOC by ratio 0.26 
 
Sulfur (S) = sulphate (SO4-2) and was adjusted by factor 3.00 for mass 
 
Nitrogen (N) = nitrate (NO3-) and was adjusted by a factor 4.43 for mass 
 
Phosphorus (P) = phosphate (PO4-3) and was adjusted by factor 3.06 for mass  
 
 
Equation 3-14 shows the calculation for the emissions released to water from each waste material 
using the degradability of waste material data from Table 3-11, the release factors from Table 
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3-12, the fraction of element emitted to gas from Table 3-12 and the elemental composition of 
the waste material shown in Table D-1. 
𝐸𝑒 = 𝐷𝑒(𝑊𝑀) × 𝑚𝑒(𝑊𝑀) × 𝑟𝑒 × (1 − %𝑔𝑎𝑠𝑒) Equation 3-14 
 
where,  
𝐸𝑒 = emission to water from element  
 
𝐷𝑒(𝑊𝑀) = degradability of element in waste material  
 
𝑚𝑒(𝑊𝑀) = mass of element in waste material  
 
𝑟𝑒  = release factor of element  
 
%𝑔𝑎𝑠𝑒  = fraction of emission to gas of the element  
 
 
Table 3-13 presents a summary of those emissions to water by waste material. Aluminium and 
glass are excluded because there were no such emissions. 
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Table 3-13: LCI of emissions to water (kg) from leachate calculated for each kg waste material disposed in landfill  
 Food  Garden  Hazardous  Masonry  Metals  Plastic, mixed  Nappies  Paper, mixed  Steel  Textiles, natural  Timber  
BOD  3.3 x 10-4 3.3 x 10-4 3.1 x 10-5 2.9 x 10-4 - 4.8 x 10-5 3.1 x 10-4 8.2 x 10-4 - 3.1 x 10-4 1.0 x 10-4 
COD  1.4 x 10-3 1.4 x 10-3 1.3 x 10-4 1.2 x 10-3 - 2.0 x 10-4 1.3 x 10-3 3.4 x 10-3 - 1.3 x 10-3 4.2 x 10-4 
DOC 1.3 x 10-3 1.3 x 10-3 1.2 x 10-4 1.1 x 10-3 - 1.8 x 10-4 1.2 x 10-3 3.2 x 10-3 - 1.2 x 10-3 3.8 x 10-4 
TOC  1.3 x 10-3 1.3 x 10-3 1.2 x 10-4 1.1 x 10-3 - 1.8 x 10-4 1.2 x 10-3 3.2 x 10-3 - 1.2 x 10-3 3.8 x 10-4 
Sulphate  4.5 x 10-4 4.5 x 10-4 3.6 x 10-4 9.7 x 10-4 - 1.6 x 10-5 1.9 x 10-3 4.2 x 10-4 - 1.9 x 10-3 4.6 x 10-6 
Nitrate  1.1 x 10-2 1.1 x 10-2 7.7 x 10-4 9.9 x 10-4 - 6.3 x 10-4 8.8 x 10-2 1.1 x 10-2 - 8.8 x 10-2 3.4 x 10-4 
Phosphate 5.2 x 10-5 5.2 x 10-5 3.8 x 10-6 8.7 x 10-6 6.9 x 10-5 - 7.7 x 10-7 5.2 x 10-6 6.9 x 10-5 7.7 x 10-7 6.2 x 10-7 
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Emissions of carbon dioxide, methane and dinitrogen monoxide from the management of 
leachate in wastewater treatment were based on IPCC Guidelines (IPCC 2006a). These were 
calculated from the waste materials’ emissions to water previously calculated and shown in 
Table 3-13.  
Equation 3-15 shows the calculation for methane emissions to air for each waste material using 
COD in water (previously calculated), an emission factor and a methane correction factor.  
 
𝐸𝐶𝐻4(𝑊𝑀) = 𝐸𝐶𝑂𝐷(𝑊𝑀) × 𝐸𝐹𝐶𝐻4/𝐶𝑂𝐷 × 𝑀𝐶𝐹 Equation 3-15 
 
where,  
𝐸𝐶𝐻4(𝑊𝑀) = methane emission from waste material  
 
𝐸𝐶𝑂𝐷(𝑊𝑀) = COD emission from waste material  
 
𝐸𝐹𝐶𝐻4/𝐶𝑂𝐷 = emission factor for methane from COD  
 
𝑀𝐶𝐹 = methane correction factor  
 
The emission factor for methane from COD used the IPCC default value of 0.25 and a methane 
correction factor of 0.8, which assumed wastewater treatment from an anaerobic digester (IPCC 
2006a).  
Equation 3-16 shows the calculation for dinitrogen monoxide emissions to air for each waste 
material using nitrogen in water (previously calculated), an emission factor and molecular 
weight conversion.  
 
𝐸𝑁2𝑂(𝑊𝑀) = 𝐸𝑁(𝑊𝑀) × 𝐸𝐹𝑁2𝑂/𝑁 ×
44
28
 
Equation 3-16 
 
where,  
𝐸𝑁2𝑂(𝑊𝑀) = dinitrogen monoxide emission from waste material 
 
𝐸𝑁(𝑊𝑀) = nitrogen emission from waste material  
 
𝐸𝐹𝑁2𝑂/𝑁 = emission factor for dinitrogen monoxide from nitrogen  
 
44/28 
 
= molecular weight ratio N2O/N 
 
The emission factor for dinitrogen monoxide from nitrogen used the IPCC default value of 0.005 
(IPCC 2006a). This value was the lower limit of the range (0.005 to 0.25) advised by IPCC and 
is consistent with expectations of anaerobic wastewater treatment, which undergoes little 
denitrification, leading to dinitrogen monoxide (IPCC 2006a). 
Table 3-14 presents a summary of those emissions to air by waste material, excluding 
aluminium, glass, metals and steel because there were no such emissions.
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Table 3-14: LCI of emissions to air (kg) from leachate calculated for kg each waste material disposed in landfill 
 Food  Garden  Hazardous  Masonry  Plastic, mixed  Nappies  Paper, mixed  Textiles, natural  Timber  
Methane  2.8 x 10-4 2.8 x 10-4 2.6 x 10-5 2.5 x 10-4 4.0 x 10-5 2.6 x 10-4 6.9 x 10-4 2.6 x 10-4 8.4 x 10-5 
Dinitrogen 
monoxide  
2.0 x 10-6 2.0 x 10-6 1.4 x 10-7 1.8 x 10-7 1.1 x 10-7 1.6 x 10-5 1.9 x 10-6 1.6 x 10-5 6.0 x 10-8 
 
  
   
Thesis for Master of Engineering   64 
 
Finally, the direct emissions to air and water were categorised to either air, in high population 
or to water, in ocean, respectively.  
 Incineration LCI  
The incineration LCI used the AusLCI Unit Processes, Version 2015.02 database and ecoinvent 
3.1 database. This literature on incineration was examined in literature in Section 2.9. The 
incineration system is represented by the basic process flow diagram in Figure 3-3 with: 
• credit for avoided electricity from the Victorian electricity grid  
• energy inputs to process  
• ancillary materials to process  
• plant (infrastructure) inputs  
• process specific burdens  
• waste specific emissions from MRF residual waste. 
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Figure 3-3: Basic process flow diagram for the incineration system 
 
Major assumptions for the LCI: 
• Electricity credits were from the Victorian electricity grid.  
• Thermal energy (heat) credits (for sensitivity analysis only) were based on avoided 
natural gas demand and included an efficiency factor of 0.8 to account for losses in 
steam in the production process.  
Equation 3-17 shows how credits for electricity and heat were calculated from the lower heating 
values (LHV) of waste materials and efficiency factors for conversion:  
 
𝐸𝑛𝐶𝑟𝑒𝑑𝑖𝑡 = (𝐿𝐻𝑉𝑊𝑀 × 𝐸𝐹𝐺𝑟𝑜𝑠𝑠) Equation 3-17 
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where, 
Encredit  = energy available to be credited for avoided production  
 
LHVWM = lower heating value of waste material  
 
EFgross  = efficiency factor for converting energy to either electricity or 
thermal energy  
  
Gross efficiency for electricity production was 15.8%, gross efficiency for heat recovery, 28.5%, 
and internal electricity usage was 0.13 kWh per kg of waste, based on average MSW incineration 
in ecoinvent 3.1 (Doka, 2013). The natural gas input was 0.61 MJ per kg of waste; the internal 
heat demand for the incineration system was 0.49 MJ per kg of waste (Doka, 2013), and the 
natural gas input accounted for heat losses from combustion to meet the internal demand. The 
net electricity credit for the treatment of 45,000 tonne of MRF residual in incineration was 
calculated to be 6.23 x 107 MJ. Table 3-15 shows electricity generation potential from each waste 
material treated and the thermal energy (used in sensitivity analysis).  
Table 3-15: Electricity production potential from one tonne of each waste material in the 
incineration system through steam turbine and thermal energy generation potential 
Waste Material Electricity (MJ/t) Thermal Energy (MJ/t) 
Aluminium 0 0 
Food 808 1455 
Garden 808 1455 
Glass 0 0 
Hazardous 17110 1270 
Masonry  798 1436 
Metals, general 0 0 
Nappies 2289 4120 
Paper, mixed 2237 4026 
Plastic, mixed 4877 8778 
Steel 0 0 
Textiles, natural 2289 4120 
Timber 2216 3989 
 
The quantities of ancillary materials to process, plant (infrastructure) inputs, process-specific 
burdens, and waste-specific emissions were sourced from ecoinvent 3.1 waste incineration 
databases for the waste materials of aluminium, steel, metals, glass, mixed paper, mixed plastic, 
nappies, masonry, timber and hazardous (Doka 2013). However, the sub-inventory processes 
were based on AusLCI Unit Processes, rather than globalised averages in ecoinvent 3.1. The 
quantities of ancillary materials to process, plant (infrastructure) inputs, and process specific 
burdens were sourced from AusLCI Unit Processes for garden, food and textiles. The transport 
distances of the incineration process were sourced from AusLCI Unit Processes. 
The hazardous waste had a significantly higher electricity credit, relative to the other waste 
materials, as shown in Table 3-15. The addition of fuel at 5.6 MJ per kg of waste to manage the 
hazardous waste, in addition to the embodied energy within hazardous waste, contributes to this 
credit. The additional fuel in the hazardous waste incineration is: 
• Light fuel oil, burned in boiler 100kW, non-modulating/CH U/AusSD U 
Ancillary materials quantities were dependent on the specific waste material and hence flows 
were not outlined in this chapter; however, a summary of all ancillary material inputs for all 
waste materials are shown below:  
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• Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/ AusSD U 
• Quicklime, milled, packed, at plant/CH U/AusSD U 
• Hydrochloric acid, 30% in H2O, at plant/RER U/AusSD U 
• Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
• Chemicals organic, at plant/GLO U/AusSD U 
• Chemicals organic, at plant/GLO U/AusSD U 
• Cement, unspecified, at plant/CH U/AusSD U 
• Ammonia, liquid, at regional storehouse/CH U/AusSD U 
• Natural gas, burned in industrial furnace low-NOx >100kW/RER U/AusSD U 
• Titanium dioxide, production mix, at plant/RER U/AusSD U 
• Chromium oxide, flakes, at plant/RER U/AusSD U 
• Water, decarbonised, at plant/RER U/AusSD S 
• Transport, freight, rail/RER U/AusSD U/Link S 
• Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link S. 
Plant infrastructure inputs for all waste materials were:  
• Municipal waste incineration plant/CH/I U/AusSD U 
• Hazardous waste incineration plant/CH/I U/AusSD U  
• Slag compartment/CH/I U/AusSD U 
• Residual material landfill facility/CH/I U/AusSD U. 
The incineration plant infrastructure burdens used 2.5 x 10-10 p per kg waste material, based on 
100,000 tonne of waste per year over a plant life of 40 years (Doka 2003b). In addition, the slag 
compartment plant burdens were 1.4 x 10-10 p per kg and residual material landfill facility plant 
burdens were 2.6 x 10-11 p per kg.  
The process-specific burdens were not attributable to specific waste fractions but were scaled to 
the mass input of each compartment. For municipal and hazardous waste incineration, the 
process always managed 1 kg waste material for 1 kg of process-specific burden. However, for 
the slag and residue compartments, the mass input was determined by the elemental transfer to 
those output pathways. The following inputs using AusLCI databases were used:  
• Process-specific burdens, municipal waste incineration/CH U/AusSD S 
• Process-specific burdens, hazardous waste incineration plant/CH U/AusSD U 
• Process-specific burdens, slag compartment/CH U/AusSD S 
• Process-specific burdens, residual material landfill/CH U/AusSD U 
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• Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U. 
The direct emissions to air and water were based on ecoinvent 3.1 for aluminium, steel, metals 
general, glass mixed paper, mixed plastic, nappies, masonry, timber and hazardous. Direct 
emissions to air and water for garden, food and textiles were based on AusLCI Unit Processes. 
All the direct emissions to air and water were categorised to either air, in high population or to 
water, in ocean, respectively.  
 Gasification-Pyrolysis LCI 
The gasification-pyrolysis LCI was mostly based on the Thermoselect process which was 
examined in Section 2.10 from sources including Hellweg (2000), Kaiser and Shimizu (2004) 
and Viveria Corporation (2014). The process flow diagram of the gasification-pyrolysis system 
is shown in Figure 3-4 with:  
• credit for avoided electricity from the Victorian electricity grid  
• energy inputs added to process  
• avoided products (sensitivity analysis)  
• ancillary materials added to process  
• plant (infrastructure) inputs  
• waste specific emissions from MRF residual waste  
• process specific burdens.  
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Waste water 
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Figure 3-4: Process flow diagram of the gasification-pyrolysis system 
 
Equation 3-18 shows the calculation for the electricity credit from the Victorian electricity grid, 
based on the electricity production potential from syngas, 2.72 MJ per kg; and the fraction of 
syngas generated from the waste material, presented as flue gas in Table 3-17.  
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𝐸𝑙𝑒𝑐. 𝐶𝑟𝑒𝑑𝑖𝑡 = 𝐸𝐸𝑆𝐺 × 𝐹𝑆𝐺(𝑊𝑀) Equation 3-18 
 
where,  
EESG = electric energy produced from synthetic gas  
 
FSG(WM) = fraction of syngas from the waste material  
 
Equation 3-19 shows the calculation of electricity produced from syngas, based on its LHV, 9.1 
MJ per kg; the fraction of syngas sent to gas engine, 93.4%; and the efficiency factor for 
electricity production in the gas engine, 32% (Hellweg 2000). 
𝐸𝐸𝑆𝐺 = 𝐿𝐻𝑉𝑆𝐺 × 𝐹𝐺𝐸 × 𝐸𝐹𝐸𝑙𝑒𝑐. Equation 3-19 
 
where,  
LHVSG = lower heating value of synthetic gas  
 
FG = fraction of synthetic gas sent to gas engine  
 
EFElec.  = efficiency factor for electricity production  
 
The net electricity credit for the treatment of 45,000 tonne MRF residual in gasification-
pyrolysis was calculated to be 3.97 x 107 MJ. Finally, Table 3-16 shows the electricity generation 
potential from each waste material treated.  
Table 3-16: Electricity generation potential from each waste material in the gasification-
pyrolysis system using syngas  
Waste Material Electricity (MJ/t) 
Aluminium 0 
Food 952 
Garden 952 
Glass 0 
Hazardous 1469 
Masonry  1958 
Metals, general 27 
Plastic, mixed 2230 
Nappies 2013 
Paper, mixed 2203 
Steel 27 
Textiles, natural 2013 
Timber 2176 
 
Other energy inputs added to process were:  
• 1.9 MJ of natural gas per kg of waste material used in the gasification compartment 
and homogenizing reactor, based on data in Hellweg (2000). 
• 0.5 MJ of electricity per kg waste material, sourced from Hellweg (2000). 
The sensitivity analysis for recycling, instead of landfilling, mineral residue avoided:  
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• Sand for the use of filler in the building and construction industry. The quantity was 
assumed to be equal to the calculated mass-to-mineral residue per waste material and 
was based on ecoinvent 3.1 process: Inert filler (GLO)| sand to generic market for | 
Alloc Def, U. 
Ancillary materials added to process are shown below.  
• Cement for the solidification of wastewater was outlined in the process description of 
Thermoselect in Hellweg (2000) but the amount was not specified. The quantity of 
cement was based on waste incineration databases because no literature was found to 
support more accurate estimates.  
• Iron chloride quantity was based on waste incineration databases. The heavy metal 
stream sent to wastewater treatment in Hellweg (2000) and the literature in Doka 
(2003b) reported that iron chloride is used to precipitate heavy metals.  
• Ammonia was not included, based on Hellweg (2000), who reported the Thermoselect 
process does not require ammonia because nitrous oxide emissions are already low.  
• Hydrochloric acid was not included, based on Hellweg (2000), who presented a 
caustic-based scrubbing system rather than an acid-based scrubbing system.  
• Lime was not included because there was no acid addition (see point above). Doka 
(2003b) reported that the lime (calcium carbonate) addition is used to lower 
(neutralise) the pH of liquid from acid scrubbing, thus it was considered obsolete for 
this model.  
• Other chemical additives from the waste incineration databases: chromium oxide, 
titanium dioxide, and general inorganic and organic chemicals, which did not have 
literature to support their inclusion or exclusion in the gasification-pyrolysis model, 
were included. 
• Quantity of heat waste was based on waste incineration databases because no literature 
was found to support more accurate estimates. 
Infrastructure processes: thermal treatment plant, slag compartment and residual material 
landfilling were based waste incineration databases as specific details on infrastructure for the 
Thermoselect process were not reported in literature.  
The waste processing of solid outputs were based on waste incineration databases. The mineral 
residue mass was calculated, and its waste processing treatment was assumed to be equivalent 
to slag in waste incineration. The mineral residue was considered for recycling in the sensitivity 
analysis. All the other solid outputs (i.e., metals, salts, sulfur and heavy metals) quantities were 
calculated, and waste processing treatment was assumed to be equivalent to residual material to 
landfill.  
The LCI for waste specific emissions to air and water were calculated based on Hellweg (2000), 
using elemental transfer coefficients to output pathways. These transfer coefficients are reported 
on pp. 195 in Table C-1. The output pathways for the direct emissions were flue gas, condensate, 
minerals residues, metals, sulphur, salts and heavy metal concentrates. Like incineration, the 
direct emissions to air and water were categorised respectively to either air, in high population 
or to water, in ocean. 
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Equation 3-20 was used to calculate the mass to each output pathway, based on the elemental 
composition of the waste material and the transfer coefficient of the individual element to the 
output pathway. 
𝑚𝑎𝑠𝑠𝑂𝑃(𝑊𝑀) = ∑ 𝐸𝑖(𝑊𝑀)% ×  𝑇𝐾𝑘(𝑖) 
 
Equation 3-20 
 
where,  
mass(OP) (WM) = mass transfer to output pathway  
 
Ei(WM)  = proportion of individual element in the waste material  
 
TKk(i)  = transfer coefficient of individual element to output pathway  
 
Table 3-17 shows a summary of these calculations, using Equation 3-20, from the mass 
balance for the treatment of 1 kg of each waste material. 
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Table 3-17: Mass balance (kg) for the treatment of 1 kg waste in gasification-pyrolysis, calculating the mass fraction of each waste material to the output pathways  
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Flue Gas 3.0 x 10-9 3.5 x 10-1  3.5 x 10-1 4.4 x 10-1 5.4 x 10-1 7.2 x 10-1 1.1 x 10-2 8.2 x 10-1 7.4 x 10-1 8.1 x 10-1 1.1 x 10-2 7.4 x 10-1 8.0 x 10-1 
Mineral 
Residue 9.9 x 10-1 9.4 x 10-2 9.4 x 10-2 5.3 x 10-1 9.4 x 10-2 2.1 x 10-1 4.2 x 10-1 1.2 x 10-2 2.9 x 10-2 7.9 x 10-2 4.2 x 10-1  2.9 x 10-2 3.5 x 10-2 
Metals 2.0 x 10-3 5.3 x 10-4 5.3 x 10-4 2.0 x 10-4 2.8 x 10-3 3.9 x 10-3 4.5 x 10-1 2.3 x 10-3 1.1 x 10-3 8.5 x 10-4 4.5 x 10-1  1.1 x 10-3 2.7E-05 
Sulphur 1.0 x 10-3 2.2 x 10-3 2.2 x 10-3 3.0 x 10-4 2.2 x 10-2 2.3 x 10-3 1.2 x 10-3 1.4 x 10-3 1.0 x 10-2 1.2 x 10-3 1.2 x 10-3 1.0 x 10-2 4.4 x 10-4 
Salts 4.7 x 10-3 4.5 x 10-3 4.5 x 10-3 9.5 x 10-3 1.0 x 10-1 1.2 x 10-3 7.3 x 10-4 1.8 x 10-2 2.7 x 10-3 2.4 x 10-3 7. x 10-4 2.7 x 10-3 7.3 x 10-4 
Heavy Metal 4.7 x 10-3 4.5 x 10-4 4.5 x 10-4 3.3 x 10-5 6.8 x 10-3 2.8 x 10-4 8.6 x 10-3 1.6 x 10-3 4.6 x 10-4 6.0 x 10-4 8.6 x 10-3 4.6 x 10-4 4.6 x 10-4 
Condensate 6.3 x 10-5 5.5 x 10-1 5.5 x 10-1 1.9 x 10-2 2.3 x 10-1 6.1 x 10-2 1.1 x 10-1 1.4 x 10-1 2.1 x 10-1 1.0 x 10-1 1.1 x 10-1 2.1 x 10-1 1.6 x 10-1 
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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The flue gas component for waste materials in Table 3-17, was generally assumed to be 
representative of the syngas components H2, CO, CO2 and H2O (Thermoselect 2006) with an 
average LHV of 9.1 MJ/kg (Hellweg 2000). The calculated flue gas from the treatment of glass 
comprised of only oxygen and therefore it was not considered syngas.  
The output pathways were aggregated as either emissions to air or emissions to water. Equation 
3-21 shows the calculation used to quantify the air emissions from the quantity of emissions in 
output pathways of synthetic gas and condensate.  
𝐸𝐴 = 𝐸𝑆𝐺 + 𝐸𝐶  Equation 3-21 
 
where,  
EA = air emissions  
 
ESG = synthetic gas emissions  
 
EC = condensate emissions 
 
Equation 3-22 shows the calculation used to quantify the emissions to water from the quantity 
of emissions in output pathways of mineral residue, metal, sulphur, salts and heavy metal 
concentrate. 
𝐸𝑊 = 𝐸𝑀𝑅 + 𝐸𝑀 + 𝐸𝑆𝑢 + 𝐸𝑆 + 𝐸𝐻𝑀  Equation 3-22 
 
Where,  
  
EMR = mineral residues emissions  
 
EM = metal emissions  
 
ESu = sulfur emissions  
 
ES = salts emissions  
 
EHM = heavy metal concentrate emissions  
 
These elements assumed to form the following compounds when emitted to air based on 
recommendations reported in Hellweg (2000): carbon emitted as carbon dioxide (CO2); sulfur 
emitted as sulfur oxides (SOX), 80% and hydrogen sulphide (H2S), 20%; nitrogen emitted as 
nitrogen gas (N2), 99.8%, nitrous oxides (NOX), 0.20%, and cyanide (CN), 0.0014%; and 
fluorine emitted as hydrogen fluoride (HF). For emissions to water, sulfur was emitted as 
sulphate (SO4) and nitrogen was emitted as nitrate (NO3).  
Process-specific emissions were applied on a process level for maintaining operations and plant 
conditions rather than being attributed to specific waste material emissions. These process 
emissions from the general gasification-pyrolysis plant are carbon dioxide (CO2), carbon 
monoxide (CO), particle, polychlorinated dibenzodioxins furans (PCDD/F), non-methane 
volatile organic compounds (NMVOC), formaldehyde, chemical oxygen demand (COD) and 
absorbable organic halide (AOX). Table 3-18 presents the process-specific emissions for 
gasification-pyrolysis system. 
Table 3-18: Process-specific emissions from the Thermoselect process (Hellweg 2000) 
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Process related emission  Unit  Emissions to air  Emissions to water  
CO2 kg/kg waste  2.6 x 10-5 - 
CO kg/kg waste  1.9 x 10-5 - 
Particles  kg/kg waste  8.6 x 10-6 - 
PCDD/F kg/kg waste  3.0 x 10-2 - 
NMVOC kg/kg waste  1.5 x 10-5 - 
Formaldehyde  kg/kg waste  3.0 x 10-7 - 
COD  kg/kg waste  - 1.3 x 10-5 
AOX kg/kg waste  - 7.0 x 10-8 
 
Process-specific burdens for the homogenizing reactor and landfilling of solid residue were 
assumed to be equivalent to those waste materials from the incineration LCI for slag 
compartment and residual material landfill facility, respectively.  
3.4 Life cycle impacts assessment 
This subsection outlines the methodology for the LCIA: the methods used to characterise emitted 
substances under each environmental indicator to midpoint indicators of potential impacts, the 
normalisation, and weighting step to aggregate the characterised results to single scores.  
 Characterisation  
Descriptions of environmental indicators used for the LCIA are presented in  
Table 3-19 outlining the potential impacts, contributing substances, and geographical scope.  
Table 3-19: Environmental indicators for impact assessment used to assess potential impacts  
Life Cycle Indicator Description  
AP (kg SO2 –eq) The release of acidifying pollutants SO2, NOX and NHX to soil, 
groundwater and surface water. The timespan will be limited to 
100 years in this thesis and the geographical scope is on a local 
scale. 
CCP (kg CO2 -eq) The potential to have climate change effects by release of 
greenhouse gases including carbon dioxide, methane and nitrous 
oxides. These values will be based on 100-year time frames and 
geographical scope is on a global scale.  
EP (kg PO4-3-eq) The release of nutrients, largely phosphorus and nitrogen into land 
and water systems, potentially causing oxygen depletion and algae 
growth. The timespan will be limited to 100 years in this thesis and 
the geographical scope is on a local scale. 
POP (kg C2H2 -eq) The formation of reactive substances that cause damage to 
ecosystem health. Photo-oxidants result from the oxidation of VOCs 
or CO in the presence to NOX and ultra violet light. The timespan 
will be limited to 100 years in this thesis and the geographical scope 
is on a local scale. 
 
The LCIA methods used to characterise the emissions for the LCIA were:  
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• Acidification, based on CML-IA Version 3.02 (Institute of Environmental Sciences 
2016) for acidification potential (AP)  
• greenhouse gas impacts from IPCC numbers over a 100 year time horizon, based on 
the Forth Assessment Report (IPCC 2007) for climate change potential (CCP) 
• eutrophication, based on CML-IA Version 3.02 (Institute of Environmental Sciences 
2016) for eutrophication potential (EP) 
• photochemical oxidation, based on CML-IA Version 3.02 (Institute of Environmental 
Sciences 2016) for photochemical oxidation potential (POP). 
Concerning greenhouse gas (GHG) impacts, the same characterisation factors were applied to 
both biogenic and fossil based emissions. However, in order to trace the biogenic and fossil 
emissions, carbon dioxide and methane were labelled as such to identify their origin. 
Furthermore, a sensitivity analysis was used to assess data quality in LCIA more deeply. Table 
3-20 shows the accounting values for GHG emissions’ characterisation used in LCIA to 
determine CCP for both the baseline and the sensitivity analysis. The baseline uses LCIA with 
the biogenic carbon dioxide non-neutral method based on the IPCC fourth assessment report 
(IPCC 2007); and the sensitivity analysis uses the biogenic carbon dioxide neutral method, based 
on Muñoz et al. (2013).  
Table 3-20: Characterised greenhouse gas emissions for CCP for (a) biogenic carbon dioxide 
non-neutral LCIA method for baseline results and (b) biogenic carbon dioxide neutral for 
sensitivity analysis 
GHG Emission   Biogenic CO2 non- 
neutral (kg CO2 -eq) 
Biogenic CO2 neutral 
(kg CO2 -eq) 
CO2 biogenic emitted   1 0 
CO2 biogenic sequestered   0 -1 
CO2 fossil emitted   1 1 
CH4 biogenic emitted   25 22.25 
CH4 fossil emitted  25 25 
 
The characterisation factors applied to each major emissions for substances contributing to CCP, 
AP, EP and POP are shown in Table 3-21. Note, there are other substances in these methods that 
are not listed.  
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Table 3-21: Major emissions and their characterisation factors under each indicator used for calculating the impact assessment (CF = characterisation factor)  
CCP, kg CO2-eq AP, kg SO2-eq EP, kg PO4-3-eq POP, kg C2H2 -eq 
Output  Substance  CF Output  Substance  CF Output  Substance  CF Output  Substance  CF 
To air  CO2  1 To air  SO2 1.2 To water  PO4-3  1 To air  C2H2  1 
To air  CH4 25 To air  SO 1.2 To water  NO3-1  0.1 To air  NO2  0.028 
To air  N2O 298 To air  SO3 0.96 To water  P 3.06 To air  CH20  0.519 
To air  CHCl3  756 To air  H2SO4  0.78 To water  P4O10 1.34 To air  CH4 0.006 
To air  CFC-14 7390 To air  NOX 0.5 To water  COD  0.022 To air  SO2 0.048 
To air  SF6 22800 To air  NO2 0.5 To air & water NH3 0.35 To air  CO 0.027 
   To air  NH3 1.6 To air & water  NH4+ 0.33 To air  CH2O  0.519 
   To air  NO 0.76 To air & water N 0.42 To air  C5H12 0.395 
      To air  H3PO4 0.97 To air  C2H5OH 0.399 
      To air  NOX 0.13 To air  C6H14 0.482 
         To air  C6H5CH3 0.637 
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 Normalisation 
The characterised results of potential impacts were normalised in reference to Australia. The 
following data was used to estimate total emissions in Australia:  
• acidifying emissions sourced from 2015-2016 data in National Pollutant Inventory 
(NPI) for AP (Commonwealth of Australia 2017c) 
• GHG emissions from 2015 data in National Greenhouse Gas Inventory for Kyoto 
accounting for CCP (Commonwealth of Australia 2017a) for CCP 
• euthrophying emissions sourced from 2015-2016 data in NPI for EP (Commonwealth 
of Australia 2017c) 
• photochemical oxidation emissions sourced from 2015-2016 data in NPI for POP 
(Commonwealth of Australia 2017c).  
Table 3-22 presents the characterised acidifying emissions from Australian industry in 2015-
2016, sourced from the NPI substance database (Commonwealth of Australia 2017c), however, 
missing substances from the NPI database are sulfur monoxide and sulfur trioxide.  
Table 3-22: Acidifying emissions from all industries in Australia in 2015-2016 
SimaPro 8.0.4 Substance  NPI Substance  Total emissions 2015-2016 
(kg SO2-eq) 
NH3 Ammonia (total)  4.69 x 107 
NOx  Oxides of nitrogen  1.42 x 109 
SO2 Sulfur dioxide  8.08 x 108 
H2SO4 Sulfuric acid  7.18 x 106 
Total   2.3 x 109 
 
Table 3-23 presents the characterised euthrophying emissions from Australian industry in 2015-
2016, sourced from the NPI substance database (Commonwealth of Australia 2017c), however, 
missing substances from the NPI database are ammonium ion, COD, nitrate, nitric oxide, 
phosphate, phosphoric acid and phosphorus pentoxide.  
Table 3-23: Eutrophying emissions from all industries in Australia 2015-2016 
SimaPro 8.0.4 Substance  NPI Substance  Total emissions 2015-2016 
(kg PO4-eq) 
NH3 Ammonia (total) 2.14 x 108 
HNO3 Nitric acid  2.70 x 105 
N Total nitrogen  7.62 x 107 
NOx Oxides of nitrogen  5.46 x 109 
P Total phosphorus  2.32 x 106 
Total   5.75 x 109 
 
Table 3-24 presents the characterised photochemical oxidation smog emissions from Australian 
industry in 2015-2016, sourced from the NPI substance database (Commonwealth of Australia 
2017c), however, missing substances from the NPI database are butadiene and some aromatic 
hydrocarbons.  
Table 3-24 Photochemical oxidation smog emissions from all industries in Australia 2015-
2016 
SimaPro 8.0.4 Substance  NPI Substance  Total emissions 2015-2016 
(kg C2H4-eq) 
C2H5OH Ethanol  1.88 x 107 
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SimaPro 8.0.4 Substance  NPI Substance  Total emissions 2015-2016 
(kg C2H4-eq) 
C6H14 n-Hexane  3.73 x 106 
CH2O  Formaldehyde (methyl 
aldehyde) 
5.20 x 106 
NO2 Oxides of nitrogen  2.54 x 1010 
SO2 Sulfur dioxide  2.02 x 1010 
C6H5CH3 Toluene (methylbenzene) 3.45 x 106 
Total   4.56 x 1010 
 
Table 3-25 presents the total industry emissions in Australia for 2015-2016, calculated as the 
reference values for emissions relevant to the AP, EP and POP and GHG emissions used by the 
Commonwealth for Kyoto accounting in 2015.  
Table 3-25: Reference values for each indicator and their estimate total emissions in Australia  
Indicator  Unit  Reference Values  
AP  kg SO2 –eq 2.3 x 109 
CCP  kg CO2 -eq 5.38 x 1011 
EP  kg PO4-3-eq 5.75 x 109 
POP kg C2H2 -eq 4.56 x 1010 
 
Equation 3-23 shows how the normalisation factor for an indicator is the inverse of its 
reference emissions.  
𝑁𝐹𝑖 =  
1
𝑅𝑉𝑖
 
Equation 3-23 
 
where,  
NFi = normalisation factors for the indicator  
 
RVi = referenced value (characterised emissions) for the indicator  
Table 3-26 shows the normalisation factors that were applied to the characterised results to give 
the impacts relative to emissions in Australia. In addition, global normalisation factors, based 
on the CML-IA Baseline’s World 2000 (Institute of Environmental Sciences 2016) are shown 
to compare to those from Australia. 
Table 3-26: Normlisation factors for each indicator, for Australia in 2015, and the world in 
2000  
Indicator  Australian 
Normalisation Factors 
CML-IA World 2000 
Normalisation Factors 
AP  4.35 x 10-10 4.19 x 10-12 
CCP  1.86 x 10-12 2.39 x 10-14 
EP  1.74 x 10-10 6.32 x 10-12 
POP 2.19 x 10-11 2.72 x 10-11 
 Weighting 
Four separate methods were applied to weight the normalised impacts to calculate a single 
score result and are presented in Table 3-27. The methods included: 
• equal weighting  
• skewed weighting towards non-CCP 
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• Australian weighting based on Building Productions Innovation Council (Bengtsson, 
Howard & Kneppers 2010) 
• international weighting based on Building for Environmental and Economic 
Sustainability (Building for Environmental and Economic Sustainability 2008).  
Table 3-27: Weighting factors applied to each indicators’ normalised impacts to calculate a 
dimensionless single score result 
Indicator  Unit  Equal Skewed Australian International 
AP  % 25.0 0.3 12.9 15.6 
CCP  % 25.0 0.1 67.7 50 
EP  % 25.0 0.3 9.7 15.6 
POP % 25.0 0.3 9.7 18.8 
3.5 Data Quality Assessment  
The methods used to assess the data quality of the LCI were: 
• uncertainty analysis  
• sensitivity analysis.  
 Uncertainty Analysis 
The first approach was an uncertainty analysis by a Monte Carlo simulation using SimPro8.0.4. 
The two methods used to assess the uncertainty in a Monte Carlo simulation were:  
• comparative 
• individual.  
The comparative Monte Carlo simulation (in 1000 run iterations) generates results from two 
scenarios, reporting the quantity of scenarios that had a higher or lower impact relative to the 
other. By contrast, the individual Monte Carlo simulation (in 1000 run iterations) generates 
results in a 95% confidence distribution, reporting the mean result, upper limit in the 97.5 
percentile and the lower limit in the 2.5 percentile. In order to run a Monte Carlo simulation, 
data in the foreground and background LCI of the LCA model is randomised within the limits 
that are based on the applied uncertainty factor. The uncertainty factors are either based on a 
directly quantifiable statistical distribution or a pedigree-derived factor based on qualified 
assessment. In SimPro8.0.4, uncertainty factors based on statistical uncertainty can be applied 
through the following probability distributions:  
• lognormal 
• normal 
• triangle  
• uniform. 
Figure 3-5 shows the characteristics and graphical representations of the distribution types 
available for uncertainty analysis modelling in SimPro8.0.4.  
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Figure 3-5: Probability distributions used in SimPro8.0.4 (Grant n.d.) 
Most of the LCI data used a statistical distribution based on a square of the geometric standard 
deviation in a log normal distribution. Qualitative assessment using the Pedigree matrix, shown 
in Table 3-28, was used to generate numerical values to calculate the square of the standard 
deviation for each log normal distribution. The LCI data that used normal, triangle or uniform 
statistical distributions were generally from sources that had a higher level of certainty in relation 
to either minimums, maximums or midpoints.
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Table 3-28: Pedigree matrix used for the qualitative assessment of different characteristics of the LCI sources (Weidema et al. 2013)  
Indicator score  1 2 3 4 5 (default) 
Reliability  Verified data based on 
measurement  
Verified data based on 
assumptions or non-verified 
based on measurements 
Non-verified qualified 
estimate 
Qualified estimate (i.e., 
industry expert) 
Non-qualified estimate 
Completeness  Completely 
representative  
Representative of more than 
50% of sites  
Representative of less than 
50% of sites or greater than 
50% for short periods 
Representative from one 
relevant site or some sites 
over short period 
Unknown or 
representatively small 
Temporal correlation  Less than 3 years old  Less than 6 years old  Less than 10 years old  Less than 15 years old  Unknown or data 
greater than 15 years 
old  
Geographical correlation  Data from area under 
study  
Average data from larger 
area in which the area under 
study is included  
Data from area with similar 
production conditions  
From slightly similar region  Unknown or from 
distinctively different 
region  
Further technical 
correlation  
Data from enterprises, 
processes and materials 
under study  
Identical technology from 
different enterprise 
Data from processes and 
materials under study from 
different technology 
Data on related processes or 
materials  
Lab-scale testing or 
from different 
technology  
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The qualitative reasoning using the pedigree matrix indicators descriptors reliability, 
completeness, temporal correlation, geographical correlation, technological correlation and 
sample size, could be used to derive the values shown in Table 3-29 (Ciroth et al. 2013).  
Table 3-29: Uncertainty factors, derived from the pedigree matrix, for the calculation of the 
square of the geometric standard deviation  
Pedigree matrix descriptor  1 2 3 4 5 
Reliability  1.00 1.05 1.10 1.20 1.50 
Completeness  1.00 1.02 1.05 1.10 1.20 
Temporal correlation  1.00 1.03 1.10 1.20 1.50 
Geographical correlation 1.00 1.01 1.02  1.10 
Further technological correlation  1.00  1.20 1.50 2.00 
Sample size  1.00 1.02 1.05 1.10 1.20 
 
A basic uncertainty was taken, based on the most relevant activity category for the LCI, from 
Table 3-30.  
Table 3-30: Suggested basic uncertainty factors used in the calculations of emissions from 
activities (Greenhouse Gas Protocol 2011) 
Category of activity of emission  Suggested basic uncertainty factor  
Thermal energy  1.05 
Electricity  1.05 
Semi-finished products  1.05 
Raw materials  1.05 
Transport services  2.00 
Waste treatment services  1.05 
Infrastructure 3.00 
CO2 emissions  1.05 
Methane emissions from combustion  1.50 
Methane emissions from agriculture  1.20 
N2O emissions from combustion  1.50 
N2O emissions from agriculture  1.40 
 
Finally, Equation 3-24 (Greenhouse Gas Protocol 2011) was used to calculated the square of 
the geometric standard deviation for a log normal distribution using the values taken from 
Table 3-29 and Table 3-30.  
𝑆𝐷𝑔95 ≅ 𝜎 𝑔
2 = 𝑒𝑥𝑝√[𝑙𝑛(𝑈1]
2+[𝑙𝑛(𝑈2]
2+[𝑙𝑛(𝑈3]
2+[𝑙𝑛(𝑈4]
2+[𝑙𝑛(𝑈5]
2+[𝑙𝑛(𝑈𝑏]
2
 Equation 3-24 
 
 
where, 
U1 = uncertainty factor of precision 
 
U2 = uncertainty factor of completeness  
 
U3 = uncertainty factor of temporal representativeness 
 
U4 = uncertainty factor of geographic representativeness 
 
U5 = uncertainty factor of other technological representativeness  
 
Ub = basic uncertainty factor  
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 Sensitivity Analysis  
Based on the examination of literature, a series of sensitivity analyses were selected and used to 
compare to the baseline characterised results, which were:  
• inclusion of the thermal energy credit in the incineration system  
• exclusion of all credits from the electricity grid in each waste management system 
• inclusion of a credit from mineral residue recycling in the gasification-pyrolysis 
system 
• LCIA for CCP using the biogenic carbon dioxide neutral method in each waste 
management system 
• changes to the MRF residual waste composition in each waste management system.  
The MRF residual waste used to fulfil the functional unit (i.e., 45,000 tonne of MRF residual 
waste managed in Victoria over one year) was calculated based on survey results from a MRF 
in Canberra, conducted in 2014 (APC 2014). In Section 2.7, compositions from other studies of 
MRF residual waste were presented. A sensitivity analysis was developed based on reported 
MRF residual waste:  
• Waste Composition 1, based on MRF Residual Waste Audit, ACT, Australia (APC 
2009) 
• Waste Composition 2, based on The environmental comparison of landfilling vs. 
incineration of MSW accounting for waste diversion, Ontario, Canada (Assamoi & 
Lawryshyn 2012) 
• Waste Composition 3, based on MRF Quality Assessment Study, UK (Enviros 
Consulting 2009). 
The same waste categories previously shown in Table 3-2 were used for the sensitivity analysis. 
Where the waste materials were not indicated, assumptions were used to estimate composition. 
For Waste Composition 1, the waste material categories were adapted using the same 
assumptions listed in Section 3.2.3. For Waste Composition 2, the waste material categories 
were adapted from Assamoi and Lawryshyn (2012) using assumptions that:  
• anything material of mass less than 1% was negligible, leading rubber and leather and 
were excluded 
 
• ferrous metal was to be waste material: metals  
 
• non-ferrous metal was to be waste material: aluminium 
 
• textiles’ composition from Assamoi and Lawryshyn (2012) were unknown to be 
either synthetic (e.g., polyester) or natural (e.g., cotton or wool fibre); therefore, the 
breakdown was assumed to be 62% synthetic and 38% natural, based on North 
American consumption of textiles reported in Textile World (2015). Synthetic fibre 
was assumed to be waste material: mixed plastic, and natural fibre was assumed to be 
waste material: natural textiles  
• other items are described by Assamoi and Lawryshyn (2012) were to be 
representative of other waste materials’ composition. 
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For Waste Composition 3, the waste material categories were adapted from Enviros Consulting 
(2009) using assumptions that: 
• aluminium cans and foil were to be waste material: aluminium 
• Steel cans were to be waste material: steel  
• Boards, recyclable paper, newspaper, magazines, cartons and non-targeted fibre were 
assumed to be waste material: mixed paper 
• Glass was to be waste material: glass 
• PET, HDPE, dense plastic, plastic film and other bottles were to be waste material: 
mixed plastic  
• Miscellaneous items described by Enviros Consulting (2009) were to be 
representative of other waste materials’ composition 
• textiles’ composition from Enviros Consulting (2009) were unknown to be either 
synthetic (e.g., polyester) or natural (e.g., cotton or wool fibre); therefore, the 
breakdown was assumed to be 70% synthetic and 30% natural, based on Western 
European consumption of textiles reported in Textile World (2015). Synthetic fibre 
was assumed to be waste material: mixed plastic, and natural fibre was assumed to be 
waste material: natural textiles.  
Table 3-31 presents the proportional mass flows calculated for the waste material composition 
for the three other data sources for MRF residual waste. 
Table 3-31: Fraction of waste material composition (%) for the scenarios in the sensitivity 
analysis (APC 2009; Assamoi & Lawryshyn 2012; Enviros Consulting 2009) 
 Waste Composition 1 Waste Composition 2 Waste Composition 3 
Aluminium 2.0% 0.7% 2.6% 
Food  12.9% 37.3% - 
Garden  2.4% 8.6% - 
Glass  14.1% 2.8% 6.5% 
Hazardous  0.8% - - 
Masonry 0.4% - - 
Metals, general  7.2% 2.1% - 
Nappies  3.0% - - 
Paper, mixed  6.9% 26.1% 37.9% 
Plastic, mixed  38.0% 18.2% 46.8% 
Steel 6.6% - 2.3% 
Textiles, natural  3.2% 0.6% 4.0% 
Timber  2.4% 3.5% - 
  
Table 3-32 presents the three MRF residual waste compositions used in the sensitivity analysis 
for the functional unit (i.e., 45,000 tonne of MRF residual waste managed in Victoria over one 
year).  
Table 3-32: Mass flow (tonne) by waste material composition as per the functional unit for the 
sensitivity analysis  
 Waste Composition 1 Waste Composition 2 Waste Composition 3 
Aluminium 914 329 1159 
Food  5787 16 772 - 
Garden  1066 3892 - 
Glass  6358 1261 2929 
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 Waste Composition 1 Waste Composition 2 Waste Composition 3 
Hazardous  381 - - 
Masonry 190 - - 
Metals, general  3236 932 - 
Nappies  1371 - - 
Paper, mixed  3122 11 730 17 037 
Plastic, mixed  17 104 8205 21 052 
Steel 2970 - 1043 
Textiles, natural  1437 290 1780 
Timber 1066 1590 - 
 
In the sensitivity analysis for MRF residual waste scenarios, electricity credits were calculated 
in the landfill system, as shown in Section 3.3.4, in the incineration system, as shown in Section 
3.3.7 and, in the gasification-pyrolysis system, as shown in Section 3.3.8. Table 3-33 presents a 
summary of the electricity credits for the functional unit for the baseline composition and the 
waste compositions tested under the sensitivity analysis. 
Table 3-33: Electricity credits (MJ) per functional unit for the baseline and sensitivity analysis 
scenarios  
  Landfill  Incineration  Gasification-Pyrolysis  
Baseline  9.86 x 106 6.23 x 107 3.97 x 107 
Waste Composition 1 1.09 x 107 1.11 x 108 6.06 x 107 
Waste Composition 2 2.94 x 107 8.70 x 107 6.79 x 107 
Waste Composition 3 1.96 x 107 1.45 x 108 8.81 x 107 
 
The MRF residual waste average LHVs of the sensitivity analysis are the sum product of the 
proportion of waste materials shown in Table 3-31, and their respective LHV as waste fractions 
reported in Table D-1. The MRF residual waste average LHVs are 14.9 MJ/kg for Waste 
Composition 1, 12.2 MJ/kg for Waste Composition 2 and 20.3 MJ/kg for Waste Composition 3.  
3.6 Methodology Conclusion  
This chapter presented the methodology used to develop: 
• the thesis’ scope and defined limits  
• waste material categories fulfilling the functional unit 
• LCI of the processes within the system boundary  
• the characterisation, normalisation and weighting of impacts  
• LCIA method used to assess the environmental performance within each scenario 
outlined in the scope 
• data quality assessment.  
The outcomes from the application of the methodology are reported in Chapter 4 and discussed 
in Chapter 5. 
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4. Results 
 
This chapter presents the life cycle assessment (LCA) results to address the research questions:  
1. What is the environmental performance according to a life cycle assessment of 
residual waste from material recovery facilities (MRFs) treated in landfill compared 
to thermal treatment alternatives in Victoria?  
 
2. What are the major sensitivities that underpin environmental performance of these 
systems? 
 
3. How appropriate is the waste management hierarchy as a tool for environmental 
waste management policy?  
The potential impacts generated under the waste management systems are described in relation 
to the following midpoint environmental indicators: 
AP kg SO2 –eq Acidification potential  
CCP kg CO2 -eq Climate change potential  
EP kg PO4-3-eq Eutrophication potential  
POP kg C2H2 -eq Photochemical oxidation potential  
 
Negative values are benefits (i.e., credits) from substances and processes within the system 
boundary.  
4.1 Baseline Characterised Results  
Table 4-1 presents the aggregated baseline characterised results for the treatment of 45,000 tonne 
of MRF residual waste in landfill, incineration and gasification-pyrolysis. The AP for 
gasification-pyrolysis is 3.01 x 104 kg SO2 -eq and is greater than incineration by 1.50 x 104 kg 
SO2 –eq and landfill by 2.10 x 104 kg SO2 -eq, equivalent to a 232% and 66% increase 
respectively, relative to landfill. For CCP, gasification-pyrolysis is 3.86 x 107 kg CO2 -eq and is 
greater than incineration by 1.16 x 107 kg CO2 -eq and landfill by 1.89 x 107 kg CO2 -eq, 
equivalent to a 96% and 38% increase respectively, relative to landfill. For EP, landfill is 1.90 x 
104 kg PO4-3-eq and 1.17 x 104 PO4-3-eq greater than gasification-pyrolysis and is 1.53 x 104 kg 
PO4-3-eq greater than incineration, equivalent to a 159% and 100% increase respectively, relative 
to incineration. Finally, the POP for landfill is 3.08 x 103 kg C2H2 -eq and is 2.44 x 103 kg C2H2 
-eq greater than gasification-pyrolysis and 2.52 x 103 kg C2H2 -eq greater than incineration, 
equivalent to a 449% and 14% increase respectively, relative to incineration.  
Table 4-1: Baseline characterised results for the treatment of 45,000 tonne of MRF residual 
waste under the landfill, incineration and gasification-pyrolysis systems (GP = gasification-
pyrolysis)  
Indicator  Unit  Landfill  Incineration  GP  
AP  kg SO2 -eq 9.08 x 103 1.51 x 104 3.01 x 104 
CCP  kg CO2 -eq 1.96 x 107 2.70 x 107 3.86 x 107 
EP  kg PO4-3 -eq 1.90 x 104 3.67 x 103 7.33 x 103 
POP kg C2H4 -eq  3.08 x 103 5.61 x 102 6.40 x 102 
4.2 Normalised Scores  
Table 4-2 presents the normalised results that represent the magnitude of emissions for the 
treatment of 45,000 tonne of MRF residual waste in the landfill, incineration and gasification-
pyrolysis systems’ relative to the total annual emissions in Australia from 2015. In all systems 
(i.e., landfill, incineration and gasification) CCP is highest normalised score, followed by AP, 
EP and finally POP.  
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Table 4-2: Normalised results of potential impacts for the treatment of 45,000 tonne of MRF 
residual waste in reference to annual emissions in Australia in 2015 (GP = gasification-
pyrolysis)  
Indicator  Landfill Incineration GP 
AP 3.95 x 10-6 6.55 x 10-6 1.31 x 10-5 
CCP  3.65 x 10-5 5.02 x 10-5 7.17 x 10-5 
EP  3.31 x 10-6 6.39 x 10-7 1.28 x 10-6 
POP 6.75 x 10-8 1.23 x 10-8 1.40 x 10-8 
 
Table 4-3 presents the normalised results of potential impacts using normalisation factors from 
CML-IA World 2000, rather than Australian normalisation factors. In each system, CCP has 
the highest normalised score. In landfill, CCP is followed by EP, AP and finally POP. In 
incineration and gasification, CCP is followed by AP, EP and finally POP.  
Table 4-3: Normalised results of potential impacts for the treatment of 45,000 tonne of MRF 
residual waste in reference to the world in 2000 (GP = gasification-pyrolysis)  
Indicator  Landfill Incineration GP 
AP 3.81 x 10-8 6.32 x 10-8 1.26 x 10-7 
CCP  4.69 x 10-7 6.46 x 10-7 9.22 x 10-7 
EP  1.20 x 10-7 2.32 x 10-8 4.63 x 10-8 
POP 8.37 x 10-8 1.53 x 10-8 1.74 x 10-8 
4.3 Weighted Single Scores  
Table 4-4 presents the weighted single score results, in reference to Australian normalisation, 
using the four weighting methods outlined in Section 3.4.3. Landfill has the lowest and 
gasification-pyrolysis has the highest single score, regardless of the weighting method. For the 
equal weighting method, landfill is lower than incineration by 31% and gasification-pyrolysis 
by 96%. For the skewed to non-CCP weighting method, landfill is lower than incineration by 
23% and gasification-pyrolysis by 96%. For the Australian BPIC method, landfill is lower than 
incineration by 37% and gasification-pyrolysis by 97%. And for the international BEES+ 
method, landfill is lower than incineration by 35% and gasification-pyrolysis by 96%.  
Table 4-4: Weighted single score results, from Australian normalisation, for the treatment of 
45,000 tonne of MRF residual waste based on four weighting methods (GP = gasification-
pyrolysis)  
Method Landfill Incineration GP 
Equal  1.10 x 10-5 1.44 x 10-5 2.15 x 10-5 
Skewed to non-CCP 5.85 x 10-6 7.18 x 10-6 1.15 x 10-5 
BPIC 2.56 x 10-5 3.49 x 10-5 5.04 x 10-5 
BEES+ 1.94 x 10-5 2.62 x 10-5 3.81 x 10-5 
 
Table 4-5 presents the weighted single score results, in reference to global normalisation, using 
the four weighting methods. For the weighting methods: equal, Australian BPIC and BEES+, 
landfill has the lowest and gasification-pyrolysis has the highest single score. For the skewed to 
non-CCP method, incineration has the lowest score, followed by landfill and finally gasification-
pyrolysis.  
Table 4-5: Weighted single score results, from global normalisation, for the treatment of 
45,000 tonne of MRF residual waste based on four weighting methods (GP = gasification-
pyrolysis)  
Method Landfill Incineration GP 
Equal  1.78 x 10-7 1.87 x 10-7 2.78 x 10-7 
Skewed to non-CCP 1.19 x 10-7 9.51 x 10-8 1.49 x 10-7 
BPIC 3.42 x 10-7 4.49 x 10-7 6.47 x 10-7 
BEES+ 2.75 x 10-7 3.39 x 10-7 4.91 x 10-7 
   
Thesis for Master of Engineering   87 
 
4.4  Disaggregated Characterised Results, Process Drivers  
Table 4-6 presents the process drivers for impacts in the landfill system managing 45,000 tonne 
of MRF residual waste. The AP is 9.08 x 103 kg SO2-eq, driven by process burdens that are 
represented in part by diesel fuel for operations at 13%, infrastructure at 15%, emissions from 
combusted landfill gas (LFG) at 11%, MRF at 28% and transport at 63%. Process benefits from 
avoided electricity production provide a credit of -30%, with respect to the total impact. The 
CCP is 1.96 x 107 kg CO2-eq, driven by process burdens that are represented in part by direct 
emissions from degradation from biogenic waste to air at 72%, emissions from combusted LFG 
at 13% and transport at 13%. Process benefits from avoided electricity production provide a 
credit of -17%, with respect to the total impact. The EP is 1.90 x 104 kg PO43- -eq, driven by 
process burdens that are represented in part by direct emissions from leachate at 89% and 
transport at 6.5%. Process benefits from avoided electricity production provide a credit of -4.0%, 
with respect to the total impact. The POP is 3.08 x 103 kg C2H2-eq, driven by process burdens 
that are represented in part by direct emissions from waste degradation at 84% and transport at 
8.7%. Process benefits from avoided electricity production provide a credit of -1.5%. 
Table 4-6: Disaggregated characterised results by process drivers under the landfill system for 
the treatment of 45,000 tonne of MRF residual waste (LF = landfill, L = leachate)  
 AP CCP EP POP 
 kg SO2 –eq kg CO2 -eq kg PO43--eq kg C2H2 -
eq 
Total  9.08 x 103 1.96 x 107 1.90 x 104 3.08 x 103 
Ancillary Material 4.07 x 100 6.17 x 102 4.27 x 10-1 1.63 x 10-1 
Electricity Credit -2.69 x 103 -3.39 x 106 -7.56 x 102 -4.72 x 101 
Direct Emissions (LF) - 1.40 x 107 - 2.60 x 103 
Direct Emissions (L) - 1.33 x 105 1.70 x 104 3.00 x 101 
Electricity 2.59 x 101 3.03 x 104 7.56 x 100 5.04 x 10-1 
Fuel  1.20 x 103 2.13 x 105 2.89 x 102 6.61 x 101 
Infrastructure 1.36 x 103 3.83 x 105 2.87 x 102 8.91 x 101 
Internal Transport 1.48 x 100 3.26 x 102 3.20 x 10-1 8.38 x 10-2 
LFG Treatment  9.64 x 102 2.52 x 106 2.49 x 102 2.48 x 101 
MRF processing 2.50 x 103 3.19 x 106 6.91 x 102 4.74 x 101 
Transport 5.72 x 103 2.57 x 106 1.23 x 103 2.68 x 102 
Waste Processing 3.10 x 10-1 5.82 x 101 6.95 x 10-2 1.08 x 10-2 
 
Table 4-7 presents the process drivers for impacts in the incineration system managing 45,000 
tonne of MRF residual waste. The AP is 1.51 x 104 kg SO2-eq, driven by process burdens that 
are represented in part by electricity used in the process at 37%, natural gas used in the process 
at 46%, transport at 22% and waste processing at 56%. Process benefits from avoided electricity 
production provide a credit of -111%, with respect to the total. The CCP is 2.70 x 107 kg CO2-
eq, driven by process burdens that are represented in part by direct emissions from combusted 
waste at 76%, electricity used in the process at 26% and MRF processes at 12%. Process benefits 
from avoided electricity production provide a credit of -78%, with respect to the total. The EP 
is 5.61 x 102 kg PO43- -eq, driven by process burdens that are represented in part by direct 
emissions from combusted waste at 26%, electricity at 43%, natural gas at 48%, transport at 19% 
and waste processing at 57%. Process benefits from avoided electricity production provide a 
credit of -128%, with respect to the total. Finally, the POP is 5.61 x 102 kg C2H2-eq, driven by 
process burdens that are represented in part by direct emissions from combusted waste at 49%, 
electricity at 17% and transport at 28%. Process benefits from avoided electricity production 
provide a credit of -52%, with respect to the total.  
Table 4-7: Disaggregated characterised results by process drivers under the incineration system 
for the treatment of 45,000 tonne of MRF residual waste  
 AP CCP EP POP 
 kg SO2 –eq kg CO2 -eq kg PO4-3-eq kg C2H2 -eq 
Total  1.51 x 104 2.70 x 107 3.67 x 103 5.61 x 102 
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 AP CCP EP POP 
 kg SO2 –eq kg CO2 -eq kg PO4-3-eq kg C2H2 -eq 
Ancillary Materials 9.18 x 102 5.82 x 105 2.35 x 102 3.74 x 101 
Electricity Credit  -1.68 x 104 -2.11 x 107 -4.71 x 103 -2.94 x 102 
Direct Emissions 2.47 x 103 3.36 x 107 9.39 x 102 2.75 x 102 
Electricity 5.56 x 103 6.99 x 106 1.56 x 103 9.73 x 101 
Infrastructure 9.44 x 102 3.13 x 105 1.68 x 102 7.99 x 101 
Internal Transport 8.99 x 102 2.05 x 105 1.93 x 102 5.61 x 101 
MRF 2.50 x 103 3.19 x 106 6.91 x 102 4.74 x 101 
Natural Gas 6.86 x 103 1.46 x 106 1.77 x 103 4.64 x 101 
Solid Waste 
Disposal (Landfill)  
6.65 x 100 1.44 x 103 1.40 x 100 3.32 x 10-1 
Transport 3.31 x 103 1.49 x 106 7.14 x 102 1.55 x 102 
Waste Processing 8.39 x 103 2.89 x 105 2.11 x 103 5.97 x 101 
Table 4-8 presents the process drivers for impacts in the gasification-pyrolysis system managing 
45,000 tonne of MRF residual waste. The AP is 3.01 x 104 kg SO2-eq, driven by process burdens 
that are represented in part by electricity used in the process at 20%, natural gas used in the 
process at 71% and transport at 19%. Process benefits from avoided electricity production 
provide a credit of -35%, with respect to the total. The CCP is 3.86 x 107 kg CO2-eq, driven by 
process burdens that are represented in part by direct emissions from combusted waste at 85%, 
electricity used in the process at 20% and natural gas used in the process at 11%. Process benefits 
from avoided electricity production provide a credit of -35%, with respect to the total. The EP 
is 7.33 x 103 kg PO43--eq, driven by process burdens that are represented in part by electricity at 
23%, natural gas at 75% and transport at 17%. Process benefits from avoided electricity 
production provide a credit of -41%, with respect to the total. Finally, POP is 6.40 x 102 kg C2H2-
eq, driven by process burdens that are represented in part by electricity used in the process at 
17%, natural gas used in the process at 21% and transport at 42%. Process benefits from avoided 
electricity production provide a credit of -29%, with respect to the total.  
Table 4-8 Disaggregated characterised results by process drivers under the gasification-pyrolysis 
system for the treatment of 45,000 tonne of MRF residual  
 AP CCP EP POP 
 kg SO2 –eq kg CO2 -eq kg PO4-3-eq kg C2H2 -eq 
Total  3.01 x 104 3.86 x 107 7.33 x 103 6.40 x 102 
Ancillary Materials 8.35 x 102 5.25 x 105 2.25 x 102 2.88 x 101 
Electricity Credit -1.06 x 104 -1.33 x 107 -2.97 x 103 -1.85 x 102 
Direct Emissions 1.51 x 103 3.28 x 107 3.52 x 102 4.30 x 101 
Electricity 6.06 x 103 7.63 x 106 1.70 x 103 1.06 x 102 
Infrastructure 9.65 x 102 3.18 x 105 1.72 x 102 8.13 x 101 
Internal Transport 8.99 x 102 2.05 x 105 1.93 x 102 5.61 x 101 
MRF 2.50 x 103 3.19 x 106 6.91 x 102 4.74 x 101 
Natural Gas 2.13 x 104 4.43 x 106 5.53 x 103 1.35 x 102 
Disposal (Landfill)  2.67 x 102 5.79 x 104 5.61 x 101 1.33 x 101 
Transport 5.72 x 103 2.57 x 106 1.23 x 103 2.68 x 102 
Waste Processing 6.10 x 102 9.25 x 104 1.43 x 102 4.58 x 101 
 
4.5 Disaggregated Characterised Results, Elementary Flows  
Table 4-9 presents the elementary flows of acidifying substances contributing to AP for the 
treatment of 45,000 tonne of MRF residual waste under landfill, incineration and gasification-
pyrolysis. In landfill the AP is 9.08 x 103 kg SO2–eq, consisting of 78% nitrogen oxides, 21% 
sulfur dioxide, and 0.6% remaining substances. For incineration the AP is 1.51 x 104 kg SO2 –
eq, consisting of 4.6% ammonia, 82% nitrogen oxides, 14% sulfur dioxide, and – 0.03% 
remaining substances. For gasification-pyrolysis the AP is 3.01 x 104 kg SO2 –eq, consisting of 
89% nitrogen oxides, 11% sulfur dioxide, and 0.2% remaining substances.  
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Table 4-9: Disaggregated characterised results by elementary flows (1% cut-off) of acidifying 
substances for the treatment of 45,000 tonne of MRF residual waste under the landfill, 
incineration and gasification-pyrolysis systems (GP = gasification-pyrolysis)  
Substance  Unit  Landfill  Incineration  GP 
Total  kg SO2 -eq 9.08 x 103  1.51 x 104 3.01 x 104 
Other < 1% kg SO2 -eq 5.84 x 101 -4.22 x 100 6.92 x 101 
Ammonia  kg SO2 -eq - 6.98 x 102 - 
Nitrogen oxides  kg SO2 -eq 7.13 x 103 1.23 x 104 2.67 x 104 
Sulfur dioxide  kg SO2 -eq 1.89 x 103 2.06 x 103 3.34 x 103 
 
Table 4-10 presents the elementary flows of GHG emissions contributing to CCP for the 
treatment of 45,000 tonne of MRF residual waste under landfill, incineration and gasification-
pyrolysis. In landfill CCP is 1.96 x 107 kg CO2 –eq, consisting of 29% biogenic carbon dioxide, 
15% fossil carbon dioxide, 56% biogenic methane, and 0.4% remaining substances. For 
incineration CCP is 2.70 x 107 kg CO2 –eq, consisting of 53%, biogenic carbon dioxide, 47% 
fossil carbon dioxide, and 1.1% remaining substances. Finally, for gasification-pyrolysis, CCP 
is 3.86 x 107 kg CO2 –eq, consisting of 35% biogenic carbon dioxide, 64% fossil carbon dioxide, 
and 0.3% remaining substances.  
Table 4-10: Disaggregated characterised results by elementary flows (1% cut-off) of 
greenhouse gases for the treatment of 45,000 tonne of MRF residual waste under the landfill, 
incineration and gasification-pyrolysis systems (GP = gasification-pyrolysis)  
Substance  Unit  Landfill  Incineration  GP 
Total  kg CO2 -eq 1.96 x 107 2.70 x 107 3.86 x 107 
Other < 1% kg CO2 -eq 7.87 x 104 2.85 x 105 1.24 x 105 
CO2 biogenic kg CO2 -eq 5.66 x 106 1.41 x 107 1.36 x 107 
CO2, fossil kg CO2 -eq 2.93 x 106 1.26 x 107 2.48 x 107 
CH4, biogenic kg CO2 -eq 1.10 x 107 - - 
 
Table 4-11 presents the elementary flows of euthrophying substances contributing to EP for the 
treatment of 45,000 tonne of MRF residual waste under landfill, incineration and gasification-
pyrolysis. In landfill EP is 1.90 x 104 kg PO43- -eq, consisting of 84% nitrate, 3.0% COD, 9.8% 
nitrogen oxides, 2.4% phosphate, and 0.3% remaining substances. For incineration EP is 3.67 x 
103 kg PO43- -eq, consisting of 87% nitrogen oxides, 4.2% ammonia, -1.0% ammonium ion, and 
1.7% COD, 3.1% dinitrogen monoxide, 3.3% nitrate, and 0.5% remaining substances. Finally, 
for gasification-pyrolysis EP is 7.33 x 103 kg PO43--eq, consisting of 95% nitrogen oxides, 1.1% 
COD, 2.1% nitrogen, and 1.0% remaining substances.  
Table 4-11: Disaggregated characterised results by elementary flows (1% cut-off) of 
euthrophying substances for the treatment of 45,000 tonne of MRF residual waste under the 
landfill, incineration and gasification-pyrolysis systems (GP = gasification-pyrolysis)  
Substance  Unit  Landfill  Incineration  GP 
Total  kg PO43- -eq  1.90 x 104 3.67 x 103 7.33 x 103 
Other < 1% kg PO43- -eq 6.49 x 101 1.89 x 101 6.99 x 101 
Ammonia kg PO43- -eq - 1.53 x 102 - 
Ammonium, ion kg PO43- -eq - -3.80 x 101 - 
COD kg PO43- -eq 5.78 x 102 6.28 x 101 8.16 x 101 
Dinitrogen 
monoxide 
kg PO43- -eq - 1.14 x 102 - 
Nitrate kg PO43- -eq 1.60 x 104 1.21 x 102 - 
Nitrogen  kg PO43- -eq - - 1.57 x 102 
Nitrogen oxides kg PO43- -eq 1.85 x 103 3.20 x 103 6.94 x 103 
Phosphate kg PO43- -eq 4.65 x 102 3.80 x 101 8.03 x 101 
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Table 4-12 presents the elementary flows of smog producing substances contributing to POP for 
the treatment of 45,000 tonne of MRF residual waste under landfill, incineration and 
gasification-pyrolysis. In landfill POP is 3.08 x 103 kg C2H4–eq, consisting of 85% methane, 
7.7% carbon monoxide, 2.5% sulfur dioxide, and 3.4% remaining substances. For incineration 
POP is 5.61 x 102 kg C2H4 –eq, consisting of 32% fossil carbon monoxide, 27% biogenic carbon 
monoxide, 12% carbon monoxide (unspecified), 15% sulfur dioxide, and 4.6% remaining 
substances. Finally, for gasification-pyrolysis POP is 6.40 x 102 kg C2H4 –eq, consisting of 12% 
fossil carbon monoxide, 1.8% biogenic carbon monoxide, 48% carbon monoxide (unspecified), 
21% sulfur dioxide, and 3.3% remaining substances.  
Table 4-12: Disaggregated characterised results by elementary flows (1% cut-off) of smog 
producing substances for the treatment of 45,000 tonne of MRF residual waste under the 
landfill, incineration and gasification-pyrolysis systems (GP = gasification-pyrolysis)  
Substance  Unit  Landfill  Incineration  GP 
Total  kg C2H4 -eq 3.08 x 103 5.61 x 102 6.40 x 102 
Other < 1% kg C2H4 –eq 1.05 x 102 2.60 x 101 2.11 x 101 
Butane kg C2H4 -eq - 5.68 x 100 - 
Carbon monoxide kg C2H4 –eq 2.36 x 102 6.84 x 101 3.07 x 102 
CO, biogenic kg C2H4 -eq - 1.52 x 102 1.15 x 101 
CO, fossil kg C2H4 –eq - 1.79 x 102 7.73 x 101 
Formaldehyde kg C2H4 -eq - 6.52 x 100 1.67 x 101 
Hexane kg C2H4 –eq - 1.54 x 101 3.83 x 101 
Methane kg C2H4 -eq 2.63 x 103  1.05 x 101 
Methane, biogenic kg C2H4 –eq - -1.19 x 101 - 
Methane, fossil kg C2H4 -eq - - 8.72 x 100 
Pentane kg C2H4 –eq - 8.76 x 100 9.08 x 100 
Sulfur dioxide kg C2H4 -eq 7.57 x 101 8.24 x 101 1.34 x 102 
Toluene kg C2H4 –eq - 2.87 x 101 6.55 x 100 
 
4.6 Disaggregated Characterised Results, Process Drivers for Elementary Flows  
Table 4-13 presents the disaggregated characterised results for AP, CCP, EP and POP of 
elementary flows of substances reported by their process drivers under the landfill system for 
the treatment of 45,000 tonne of MRF residual waste. The AP is 9.08 x 103 kg SO2-eq, of which 
79% is nitrogen oxides, that includes 12% from diesel (i.e., diesel fuel used in the operations at 
site), 11% from infrastructure, 11% from LFG treatment (i.e., combusted LFG for flaring and 
electricity production), 26% from the MRF, 48% from transport, and a credit from avoided 
electricity production at -29%. Sulfur dioxide is 21% of the total, that includes 1.2% from diesel, 
3.9% from infrastructure, 15% from transport, and a credit from avoided electricity production 
at -0.5%. The CCP is 1.96 x 107 kg CO2-eq, of which biogenic carbon dioxide makes up 29%, 
that includes 16% from direct emissions, 13% from LFG treatment, and a credit from avoided 
electricity production at -0.3%. Fossil carbon dioxide is 15% of the total, that includes 1.1% 
from diesel, 16% from the MRF, 13% from transport, and a credit from electricity production of 
-17%. Biogenic methane is 56% of the total, that is 55% from direct emissions of degraded 
biogenic waste, 0.6% from direct emissions of leachate, 0.1% from LFG treatment, 0.1% from 
the MRF, and a credit from avoided electricity production of -0.1%. The EP is 1.90 x 104 kg 
PO43- -eq, of which 84% is nitrate, that is 84% from direct emissions of leachate. Nitrogen oxides 
are 9.8% of the total, that includes 5.9% from transport, 3.2% from the MRF, 1.3% from LFG 
treatment, 1.3% from infrastructure, 1.3% from diesel, and a credit from avoided electricity 
production at -3.6%. Of the remaining EP, 3.0% is from COD, 2.4% is from phosphate, and 
0.3% is from remaining substances. POP is 3.08 x 103 kg C2H4 –eq, of which 85% is methane, 
that is 84% from direct emissions from degraded biogenic waste to air, and 1% from direct 
emission from leachate. Carbon monoxide is 7.7% of the total, that is 2.0% from diesel, 5.2% 
from transport, 1% from the MRF, and a credit from the production of electricity of -1.1%. Sulfur 
dioxide is 2.5% of the total, that is 1.8% from transport, 0.5% from infrastructure, 0.1% from 
diesel, 0.1% from the MRF, and a credit for avoided electricity production of -0.1%.  
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Table 4-13: Disaggregated characterised results by elementary flows (cut-off 1%) and by process drivers for the treatment of 45,000 tonne of MRF residual waste under the landfill system  
Indicator Substance  Unit  Total  Ancillary 
materials  
Credit for 
electricity  
Direct 
emissions 
to air  
Direct 
emissions 
from 
leachate 
Electricity Diesel  Infrastructure Internal 
transport 
LFG 
treatment 
MRF  Transport Waste 
processing  
AP  Total  kg SO2 – eq 9.08 x 103 4.07 x 100 -2.69 x 103 - - 2.59 x 101 1.20 x 103 1.36 x 103 1.48 x 100 9.64 x 102 2.50 x 103 5.72 x 103 3.10 x 10-1 
AP  Other < 1% kg SO2 – eq 5.84 x 101 4.01 x 10-2 -3.06 x 101 - - 3.36 x 10-1 1.34 x 100 2.09 x 101 6.60 x 10-3 1.14 x 10-2 3.71 x 101 2.92 x 101 2.24 x 10-3 
AP  Nitrogen oxides kg SO2 – eq 7.13 x 103 9.71 x 10-1 -2.62 x 103 - - 2.35 x 101 1.10 x 103 9.82 x 102 1.07 x 100 9.57 x 102 2.36 x 103 4.33 x 103 2.30 x 10-1 
AP  Sulfur dioxide kg SO2 – eq 1.89 x 103 3.05 x 100 -4.69 x 101 - - 2.00 x 100 1.01 x 102 3.57 x 102 4.01 x 10-1 6.72 x 100 1.03 x 102 1.37 x 103 7.70 x 10-2 
CCP Total  kg CO2 – eq  1.96 x 107 6.17 x 102 -3.39 x 106 1.40 x 107 1.33 x 105 3.03 x 104 2.13 x 105 3.83 x 105 3.26 x 102 2.52 x 106 3.19 x 106 2.57 x 106 5.82 x 101 
CCP Other < 1% kg CO2 – eq 7.87 x 104 1.83 x 101 2.64 x 104 - 1.80 x 104 -2.39 x 102 1.26 x 103 9.18 x 103 8.71 x 100 9.65 x 101 -2.24 x 104 4.64 x 104 7.37 x 10-1 
CCP  Carbon dioxide, biogenic kg CO2 – eq 5.66 x 106 1.26 x 101 -5.47 x 104 3.15 x 106 - 4.99 x 102 2.48 x 101 2.52 x 103 9.64 x 10-1 2.51 x 106 5.01 x 104 4.90 x 103 1.41 x 100 
CCP  Carbon dioxide, fossil kg CO2 – eq 2.93 x 106 5.85 x 102 -3.34 x 106 - - 2.99 x 104 2.12 x 105 3.71 x 105 3.16 x 102 2.66 x 102 3.14 x 106 2.52 x 106 5.60 x 101 
CCP  Methane, biogenic kg CO2 – eq 1.10 x 107 1.18 x 100 -1.70 x 104 1.08 x 107 1.15 x 105 1.51 x 102 7.18 x 100 2.41 x 102 1.54 x 10-1 1.38 x 104 1.51 x 104 1.00 x 103 4.04 x 10-2 
EP  Total  kg PO43- -eq 1.90 x 104 4.27 x 10-1 -7.56 x 102 - 1.70 x 104 7.56 x 100 2.89 x 102 2.87 x 102 3.20 x 10-1 2.49 x 102 6.91 x 102 1.23 x 103 6.95 x 10-2 
EP  Other < 1% kg PO43- -eq 6.49 x 101 1.58 x 10-2 -3.90 x 101 - 7.68 x 100 3.67 x 10-1 1.73 x 100 9.59 x 100 8.03 x 10-3 7.01 x 10-2 3.77 x 101 4.67 x 101 3.10 x 10-3 
EP  COD kg PO43- -eq 5.78 x 102 9.97 x 10-3 -3.02 x 100 - 5.39 x 102 2.89 x 10-2 1.52 x 100 8.87 x 100 2.19 x 10-2 9.43 x 10-4 3.51 x 100 2.83 x 101 2.50 x 10-3 
EP  Nitrate kg PO43- -eq 1.60 x 104 2.90 x 10-3 -1.81 x 101 - 1.60 x 104 1.64 x 10-1 1.86 x 10-2 6.35 x 10-1 6.30 x 10-4 6.94 x 10-4 1.62 x 101 3.81 x 100 1.38 x 10-4 
EP  Nitrogen oxides kg PO43- -eq 1.85 x 103 2.52 x 10-1 -6.80 x 102 - - 6.11 x 100 2.86 x 102 2.55 x 102 2.79 x 10-1 2.49 x 102 6.13 x 102 1.13 x 103 5.99 x 10-2 
EP  Phosphate kg PO43- -eq 4.65 x 102 1.46 x 10-1 -1.61 x 101 - 4.17 x 102 8.87 x 10-1 1.58 x 10-1 1.24 x 101 1.06 x 10-2 2.30 x 10-3 2.14 x 101 2.96 x 101 3.81 x 10-3 
POP Total  kg C2H4 – eq  3.08 x 103 1.63 x 10-1 -4.72 x 101 2.60 x 103 3.00 x 101 5.04 x 10-1 6.61 x 101 8.91 x 101 8.38 x 10-2 2.48 x 101 4.74 x 101 2.68 x 102 1.08 x 10-2 
POP Other < 1% kg C2H4 – eq 1.05 x 102 2.20 x 10-2 -5.37 x 100 - 2.28 x 100 5.22 x 10-2 1.57 x 100 4.36 x 101 1.15 x 10-2 2.11 x 101 6.52 x 100 3.53 x 101 2.20 x 10-3 
POP Carbon monoxide kg C2H4 – eq 2.36 x 102 4.68 x 10-3 -3.38 x 101 - - 3.02 x 10-1 6.04 x 101 1.74 x 101 3.99 x 10-2 8.93 x 10-2 3.06 x 101 1.61 x 102 2.79 x 10-4 
POP Carbon monoxide, fossil kg C2H4 – eq 3.22 x 101 1.38 x 10-2 -2.02 x 100 - - 3.36 x 10-2 1.53 x 10-1 1.38 x 101 1.63 x 10-2 8.58 x 10-4 2.49 x 100 1.77 x 101 5.25 x 10-3 
POP Methane, biogenic kg C2H4 – eq 2.63 x 103 1.63 x 10-1 -4.07 x 100 2.60 x 103 2.77 x 101 3.63 x 10-2 1.72 x 10-3 5.78 x 10-2 3.70 x 10-5 3.30 x 100 3.63 x 100 2.41 x 10-1 9.70 x 10-6 
POP Sulfur dioxide  kg C2H4 – eq 7.57 x 101 1.22 x 10-1 -1.87 x 100 - - 7.98 x 10-2 4.05 x 100 1.43 x 101 1.60 x 10-2 2.69 x 10-1 4.12 x 100 5.46 x 101 3.08 x 10-3 
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Table 4-14 presents the disaggregated characterised results for AP, CCP, EP and POP of 
elementary flows of substances reported by their process drivers under the incineration system 
for the treatment of 45,000 tonne of MRF residual waste. The AP is 1.51 x 104 kg SO2-eq, of 
which 82% is nitrogen oxides, that includes 50% from waste processing, 45% from natural gas 
used in the process, 36% from electricity used in the process, 14% from the direct emissions of 
combusted waste, 4.4% from ancillary materials and a credit from avoided electricity production 
of -108%. Sulfur dioxide is 14% of the total, that includes 5.2% from transport, 2.5% from 
infrastructure, 1.7% from internal transport, 1.7% from waste processing, 1.2% from direct 
emissions, 1.5% from ancillary materials, 0.7% from the MRF, and a credit from avoided 
electricity production of -1.9%. Ammonia is 4.6% of the total, that includes 3.7% from waste 
processing, 1.1% from direct emissions, and a credit from avoided electricity production of -
1.0%. The CCP is 2.70 x 107 kg CO2-eq, of which 52% is biogenic carbon dioxide, that is 53% 
from direct emissions from combusted waste, 0.4% from electricity, and a credit from avoided 
electricity production of -1.3%. Fossil carbon dioxide is 47% of the total, that includes 71% from 
direct emissions, 26% from electricity, 5.4% from natural gas, 5.4% from transport, and a credit 
from avoided production of electricity at -77%. The EP is 3.67 x 103 kg PO43- -eq, of which 87% 
is nitrogen oxides, that is 48% from natural gas, 38% from electricity, 54% from waste 
processing, 15% from direct emissions, and a credit from avoided electricity production of -
115%. Ammonia is 4.2% of the total, that includes 3.3% from waste processing, 1.0% from 
direct emissions, and a credit from avoided electricity production of -0.9%. Nitrate is 3.3% of 
the total, that includes 4.6% from direct emissions, 1.0% from electricity, 0.4% from the MRF 
and a credit from avoided electricity production of -3.1%. Dinitrogen monoxide is 3.1% of the 
total, that includes 4.1% from direct emissions, 0.4% from the MRF, 0.3% from transport, and 
a credit from avoided production of electricity of -2.9%. The remaining EP, relative to the total, 
is made-up from 1.7% COD, 1.0% phosphate, and 0.5% from other substances. The POP is 5.61 
x 102 kg C2H4 – eq, of which fossil carbon monoxide is 32%, that includes 20% from direct 
emissions, 6.6% from infrastructure, 1.8% from transport, and a credit from electricity 
production of -2.2%. Biogenic carbon monoxide is 27% of the total, that includes 28% from 
direct emissions, 0.6% from electricity, 0.3% from the MRF, 0.3% from ancillary materials, and 
a credit of from electricity production at -2.0%. Carbon monoxide (unspecific) is 12% of the 
total, that includes 12% from electricity, 17% from transport, 5.5% from natural gas, 5.5% from 
the MRF, 5.4% from internal transport, and a credit from the production of electricity of -38%. 
Sulfur dioxide is 15% of the total, that includes 5.6% from transport, 1.8% from internal 
transport, 1.3% from direct emissions, and a credit from avoided electricity production of -2.1%. 
Toluene is 5.1% of the total, that includes 4.4% from waste processing and 0.5% from transport. 
The remaining POP, relative to the total, is made-up from 1.0% butane, 1.2% formaldehyde, 
2.7% hexane, -2.1% methane, 1.6% pentane, and 4.6% from other substances.  
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Table 4-14: Disaggregated characterised results by elementary flows (cut-off 1%) and by process drivers showing for the treatment of 45,000 tonne of MRF residual waste under the incineration system 
Indicator Substance  Unit  Total of all 
processes 
Ancillary 
materials 
Credit for 
electricity 
Direct 
emissions 
Electricity Infrastructure Internal 
transport 
MRF Natural 
gas 
AP  Total  kg SO2 – eq 1.51 x 104 9.18 x 102 -1.68 x 104 2.47 x 103 5.56 x 103 9.44 x 102 8.99 x 102 2.50 x 103 6.86 x 103 
AP  Other < 1% kg SO2 – eq -4.22 x 100 8.00 x 100 -3.68 x 101 - 1.22 x 101 1.16 x 100 6.73 x 10-1 5.34 x 100 6.75 x 10-2 
AP  Ammonia kg SO2 – eq 6.98 x 102 2.08 x 101 -1.54 x 102 1.69 x 102 5.10 x 101 1.05 x 101 3.12 x 100 3.18 x 101 1.41 x 10-1 
AP  Nitrogen oxides kg SO2 – eq 1.23 x 104 6.59 x 102 -1.63 x 104 2.12 x 103 5.40 x 103 5.58 x 102 6.37 x 102 2.36 x 103 6.80 x 103 
AP  Sulfur dioxide kg SO2 – eq 2.06 x 103 2.29 x 102 -2.92 x 102 1.81 x 102 9.67 x 101 3.74 x 102 2.59 x 102 1.03 x 102 5.94 x 101 
CCP Total  kg CO2 – eq  2.70 x 107 5.82 x 105 -2.11 x 107 3.36 x 107 6.99 x 106 3.13 x 105 2.05 x 105 3.19 x 106 1.46 x 106 
CCP Other < 1% kg CO2 – eq 2.85 x 105 1.52 x 104 5.86 x 104 1.75 x 105 -1.94 x 104 1.80 x 104 5.66 x 103 -7.30 x 103 5.38 x 103 
CCP Carbon dioxide, biogenic kg CO2 – eq 1.41 x 107 5.39 x 103 -3.41 x 105 1.43 x 107 1.13 x 105 1.88 x 103 5.05 x 102 5.01 x 104 3.18 x 101 
CCP Carbon dioxide, fossil kg CO2 – eq 1.26 x 107 5.62 x 105 -2.08 x 107 1.92 x 107 6.90 x 106 2.93 x 105 1.99 x 105 3.14 x 106 1.46 x 106 
EP Total  kg PO43- -eq 3.67 x 103 2.35 x 102 -4.71 x 103 9.39 x 102 1.56 x 103 1.68 x 102 1.93 x 102 6.91 x 102 1.77 x 103 
EP Other < 1% kg PO43- -eq 1.89 x 101 2.20 x 100 -1.87 x 101 5.76 x 100 6.19 x 100 2.12 x 100 3.45 x 100 3.37 x 100 8.77 x 10-2 
EP Ammonia kg PO43- -eq 1.53 x 102 4.55 x 100 -3.37 x 101 3.70 x 101 1.11 x 101 2.29 x 100 6.82 x 10-1 6.95 x 100 3.08 x 10-2 
EP Ammonium, ion kg PO43- -eq -3.80 x 101 4.32 x 100 -8.44 x 101 - 2.79 x 101 3.99 x 10-1 2.52 x 10-1 1.21 x 101 2.90 x 10-2 
EP COD kg PO43- -eq 6.28 x 101 3.63 x 100 -1.88 x 101 1.44 x 101 6.23 x 100 1.04 x 101 1.46 x 101 3.51 x 100 2.39 x 100 
EP Dinitrogen monoxide kg PO43- -eq 1.14 x 102 2.37 x 100 -1.06 x 102 1.52 x 102 3.52 x 101 9.92 x 10-1 1.14 x 100 1.53 x 101 8.39 x 10-1 
EP Nitrate kg PO43- -eq 1.21 x 102 6.21 x 100 -1.13 x 102 1.71 x 102 3.74 x 101 5.01 x 10-1 3.81 x 10-1 1.62 x 101 2.68 x 10-2 
EP Nitrogen oxides kg PO43- -eq 3.20 x 103 1.71 x 102 -4.24 x 103 5.51 x 102 1.40 x 103 1.45 x 102 1.66 x 102 6.13 x 102 1.77 x 103 
EP Phosphate kg PO43- -eq 3.80 x 101 4.02 x 101 -1.00 x 102 8.34 x 100 3.31 x 101 6.22 x 100 6.84 x 100 2.14 x 101 3.86 x 10-1 
POP Total  kg C2H4 – eq 5.61 x 102 3.74 x 101 -2.94 x 102 2.75 x 102 9.73 x 101 7.99 x 101 5.61 x 101 4.74 x 101 4.64 x 101 
POP Other < 1% kg C2H4 – eq 2.60 x 101 6.38 x 100 -1.95 x 101 7.14 x 10-1 6.47 x 100 8.02 x 100 3.10 x 100 3.44 x 100 1.48 x 100 
POP Butane kg C2H4 – eq 5.68 x 100 3.45 x 10-1 -4.89 x 10-1 - 1.62 x 10-1 1.87 x 100 1.07 x 100 8.44 x 10-2 3.35 x 10-1 
POP Carbon monoxide kg C2H4 – eq 6.84 x 101 7.01 x 100 -2.11 x 102 - 6.98 x 101 1.25 x 101 3.03 x 101 3.06 x 101 3.08 x 101 
POP Carbon monoxide, biogenic kg C2H4 – eq 1.52 x 102 1.45 x 100 -1.10 x 101 1.54 x 102 3.64 x 100 4.65 x 10-1 1.93 x 10-1 1.83 x 100 1.04 x 10-2 
POP Carbon monoxide, fossil kg C2H4 – eq 1.79 x 102 9.45 x 100 -1.26 x 101 1.12 x 102 4.16 x 100 3.70 x 101 8.10 x 100 2.49 x 100 4.53 x 10-1 
POP Formaldehyde kg C2H4 – eq 6.52 x 100 2.45 x 100 -1.03 x 100 - 3.40 x 10-1 3.71 x 10-1 2.21 x 10-1 2.52 x 10-1 4.71 x 10-1 
POP Hexane kg C2H4 – eq 1.54 x 101 1.96 x 10-1 -1.30 x 10-1 - 4.32 x 10-2 1.24 x 100 7.12 x 10-1 2.20 x 10-1 9.81 x 100 
POP Methane, biogenic kg C2H4 – eq -1.19 x 101 2.28 x 10-1 -2.54 x 101 9.78 x 10-1 8.41 x 100 4.12 x 10-2 1.99 x 10-2 3.63 x 100 1.87 x 10-3 
POP Pentane kg C2H4 – eq 8.76 x 100 5.57 x 10-1 -8.18 x 10-1 - 2.71 x 10-1 2.75 x 100 1.51 x 100 4.05 x 10-1 5.01 x 10-1 
POP Sulfur dioxide kg C2H4 – eq 8.24 x 101 9.18 x 100 -1.17 x 101 7.23 x 100 3.87 x 100 1.50 x 101 1.03 x 101 4.12 x 100 2.38 x 100 
POP Toluene kg C2H4 – eq 2.87 x 101 1.60 x 10-1 -4.94 x 10-1 1.80 x 10-2 1.63 x 10-1 6.25 x 10-1 5.44 x 10-1 2.86 x 10-1 1.32 x 10-1 
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Table 4-15 presents the disaggregated characterised results for AP, CCP, EP and POP of 
elementary flows of substances reported by their process drivers under the gasification-pyrolysis 
system for the treatment of 45,000 tonne of MRF residual waste. The AP is 3.01 x 104 kg SO2-
eq, of which 89% is nitrogen oxides, that includes 71% from natural gas used in the process, 
20% from electricity used in the process, 7.8% from the MRF, 14% from transport, and a credit 
from avoided electricity production of -34%. Sulfur dioxide is 11% of the total, that include 
4.5% from transport, 2.8% from direct emissions from waste, 1.3% from infrastructure, 0.9% 
from internal transport, and a credit from avoided electricity production of -0.6%. The CCP is 
3.86 x 107 kg CO2-eq, of which fossil carbon dioxide is 64%, that includes 50% from direct 
emissions from combusted waste, 20% from electricity, 8.2% from the MRF, 6.5% from 
transport, and a credit from avoided production of electricity of -34%. Biogenic carbon dioxide 
is 35% of the total, that is 35% from direct emissions, 0.3% from electricity, 0.1% from the 
MRF, and a credit from avoided electricity production of -0.6%. The EP is 7.33 x 103 kg PO43- -
eq, of which 95% is nitrogen oxides, that includes 75% from natural gas, 21% from electricity, 
15% from transport, 8.4% from the MRF, 2.3% from internal transport, and a credit from 
avoided electricity production of -36%. Nitrogen is 2.1% of the total, that is 2.0% from direct 
emissions and 0.1% from transport. COD is 1.1% of the total, that includes 0.4% from transport, 
0.3% from waste processing, 0.2% from internal transport, and a credit from avoided electricity 
production of -0.2%. Phosphate is 1.1% of the total, that includes 0.5% from electricity, 0.5% 
from ancillary materials, 0.4% from transport, and a credit from avoided electricity production 
of -0.9%. Other substances account for 1.0% of the total. The POP is 6.40 x 102 kg C2H4 – eq, of 
which 48% is carbon monoxide (unspecific), that includes 25% from transport, 15% from natural 
gas, 12% from electricity, 4.8% from the MRF, 4.7% from internal transport, and a credit from 
avoided electricity production of -21%. Fossil carbon monoxide is 12% of the total, that includes 
5.8% from infrastructure, 2.8% from transport, 1.3% from internal transport, 1.1% from waste 
processing, and a credit from avoided electricity production of -1.2%. Sulfur dioxide is 21% of 
the total, that includes 8.5% from transport, 5.3% from direct emissions from waste, 2.4% from 
infrastructure, and a credit from avoided electricity production of -1.1%. Hexane is 6.0% of the 
total, that includes 4.8% from natural gas, 0.8% from transport, and 0.2% from infrastructure. 
Formaldehyde is 2.6% of the total, that includes 1.1% from waste processing, 0.8% from 
transport, 0.4% from ancillary materials, and 0.2% from natural gas. Biogenic carbon monoxide 
is 1.8% of the total, that includes 1.4% from direct emissions, 0.6% from electricity, 0.3% from 
the MRF, 0.2% from ancillary materials, and a credit from avoided electricity production of -
1.1%. Methane (unspecific) is 1.6% of the total, that includes 0.8% from transport, 0.5% from 
electricity, 0.4% from natural gas, 0.4% from ancillary materials, 0.3% from the MRF, and a 
credit from avoided electricity production of -0.9%. The remaining POP, relative to the total, is 
made-up from 1.4% fossil methane, 1.4% pentane, 1.0% toluene, and 3.3% from other 
substances.  
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Table 4-15: Disaggregated characterised results by elementary flows (cut-off 1%) and by process drivers for the treatment of 45,000 tonne of MRF residual waste under the gasification-pyrolysis system 
Indicator Substance  Unit  Total of all 
processes 
Ancillary 
materials 
Credit for 
electricity 
Direct 
emissions Electricity Infrastructure 
Internal 
transport MRF Natural gas 
AP Total  kg SO2 – eq 3.01 x 104 8.35 x 102 -1.06 x 104 1.51 x 103 6.06 x 103 9.65 x 102 8.99 x 102 2.50 x 103 2.13 x 104 
AP Other < 1% kg SO2 – eq 6.92 x 101 2.80 x 101 -1.20 x 102 7.54 x 100 6.89 x 101 1.18 x 101 3.79 x 100 3.71 x 101 1.72 x 10-1 
AP  Nitrogen oxides kg SO2 – eq 2.67 x 104 6.33 x 102 -1.03 x 104 6.54 x 102 5.89 x 103 5.72 x 102 6.37 x 102 2.36 x 103 2.12 x 104 
AP Sulfur dioxide kg SO2 – eq 3.34 x 103 1.74 x 102 -1.84 x 102 8.50 x 102 1.05 x 102 3.81 x 102 2.59 x 102 1.03 x 102 6.26 x 101 
CCP Total  kg SO2 – eq 3.86 x 107 5.25 x 105 -1.33 x 107 3.28 x 107 7.63 x 106 3.18 x 105 2.05 x 105 3.19 x 106 4.43 x 106 
CCP Other < 1% kg CO2 – eq  1.24 x 105 1.42 x 104 3.69 x 104 7.73 x 103 -2.12 x 104 1.86 x 104 5.66 x 103 -7.30 x 103 1.36 x 104 
CCP Carbon dioxide, biogenic kg CO2 – eq 1.36 x 107 5.31 x 103 -2.14 x 105 1.36 x 107 1.23 x 105 1.90 x 103 5.05 x 102 5.01 x 104 2.13 x 101 
CCP Carbon dioxide, fossil kg CO2 – eq 2.48 x 107 5.06 x 105 -1.31 x 107 1.92 x 107 7.53 x 106 2.98 x 105 1.99 x 105 3.14 x 106 4.42 x 106 
EP Total  kg PO43- -eq 7.33 x 103 2.25 x 102 -2.97 x 103 3.52 x 102 1.70 x 103 1.72 x 102 1.93 x 102 6.91 x 102 5.53 x 103 
EP Other < 1% kg PO43- -eq 6.99 x 101 1.88 x 101 -2.24 x 102 3.78 x 101 1.28 x 102 5.00 x 100 2.98 x 100 5.39 x 101 2.50 x 100 
EP COD kg PO43- -eq 8.16 x 101 2.60 x 100 -1.18 x 101 3.55 x 10-1 6.80 x 100 1.07 x 101 1.46 x 101 3.51 x 100 2.53 x 100 
EP Nitrogen kg PO43- -eq 1.57 x 102 1.11 x 10-1 -2.70 x 10-1 1.44 x 102 1.55 x 10-1 1.43 x 100 2.92 x 100 7.43 x 10-2 6.99 x 10-3 
EP Nitrogen oxides kg PO43- -eq 6.94 x 103 1.65 x 102 -2.67 x 103 1.70 x 102 1.53 x 103 1.49 x 102 1.66 x 102 6.13 x 102 5.52 x 103 
EP Phosphate  kg PO43- -eq 8.03 x 101 3.93 x 101 -6.30 x 101 3.30 x 10-1 3.61 x 101 6.35 x 100 6.84 x 100 2.14 x 101 2.87 x 10-1 
POP Total kg C2H4 – eq 6.40 x 102 2.88 x 101 -1.85 x 102 4.30 x 101 1.06 x 102 8.13 x 101 5.61 x 101 4.74 x 101 1.35 x 102 
POP Other < 1% kg C2H4 – eq 2.11 x 101 2.64 x 100 -1.85 x 101 5.69 x 10-2 1.06 x 101 5.74 x 100 3.11 x 100 4.43 x 100 6.46 x 10-1 
POP Carbon monoxide kg C2H4 – eq 3.07 x 102 6.89 x 100 -1.33 x 102 - 7.61 x 101 1.29 x 101 3.03 x 101 3.06 x 101 9.62 x 101 
POP Carbon monoxide, biogenic kg C2H4 – eq 1.15 x 101 1.43 x 100 -6.91 x 100 8.96 x 100 3.97 x 100 4.72 x 10-1 1.93 x 10-1 1.83 x 100 6.64 x 10-3 
POP Carbon monoxide, fossil kg C2H4 – eq 7.73 x 101 4.42 x 100 -7.92 x 100 - 4.54 x 100 3.73 x 101 8.10 x 100 2.49 x 100 3.28 x 10-1 
POP Formaldehyde kg C2H4 – eq 1.67 x 101 2.39 x 100 -6.47 x 10-1 - 3.71 x 10-1 3.78 x 10-1 2.21 x 10-1 2.52 x 10-1 1.36 x 100 
POP Hexane kg C2H4 – eq 3.83 x 101 1.03 x 10-1 -8.21 x 10-2 - 4.71 x 10-2 1.29 x 100 7.12 x 10-1 2.20 x 10-1 3.04 x 101 
POP Methane kg C2H4 – eq 1.05 x 101 2.42 x 100 -5.66 x 100 - 3.25 x 100 8.40 x 10-1 3.09 x 10-1 1.69 x 100 2.46 x 100 
POP Methane, fossil kg C2H4 – eq 8.72 x 100 1.14 x 100 -4.43 x 100 - 2.54 x 100 3.64 x 100 7.69 x 10-1 1.04 x 100 2.00 x 10-1 
POP Pentane kg C2H4 – eq 9.08 x 100 2.78 x 10-1 -5.15 x 10-1 - 2.96 x 10-1 2.84 x 100 1.51 x 100 4.05 x 10-1 3.47 x 10-1 
POP Sulfur dioxide kg C2H4 – eq 1.34 x 102 6.95 x 100 -7.35 x 100 3.40 x 101 4.22 x 100 1.52 x 101 1.03 x 101 4.12 x 100 2.50 x 100 
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4.7 Disaggregated Characterised Results, Waste Material  
Table 4-16 presents the disaggregated characterised results showing the AP, CCP, EP and POP 
from each waste material for the treatment of 45,000 tonne of MRF residual waste in the landfill 
system. For AP, the treatment of glass is 4.80 x 103 kg SO2 –eq, mixed plastic 1.97 x 103 is kg 
SO2 –eq, and steel is 9.86 x 102 kg SO2 –eq, which represents 53%, 22% and 11% of impacts 
respectively. For CCP, the treatment of mixed paper is 1.10 x 107 kg CO2 -eq, glass is 2.84 x 106 
kg CO2 -eq and food is 1.53 x 106 kg CO2 –eq, which represents 56%, 15% and 7.8% of impacts 
respectively. For EP, the treatment of mixed paper is 6.54 x 103 kg PO43-eq, natural textiles is 
5.81 x 103 kg PO43--eq and nappies are 2.75 x 103 kg PO43--eq which represent 34%, 31% and 
14% of the impacts respectively. Finally, for POP, the treatment of mixed paper is 2.06 x 103 kg 
C2H4 -eq, food is 2.72 x 102 kg C2H4 -eq and glass is 2.10 x 102 kg C2H4 –eq, which represents 
67%, 8.8% and 6.8% of impacts respectively.  
Table 4-16: Disaggregated characterised results by waste material showing the relative 
contribution of different waste materials under the landfill system for the treatment of 45,000 
tonne of MRF residual waste  
 AP  CCP EP  POP  
 kg SO2 -eq kg CO2 -eq kg PO43-eq kg C2H4 -eq 
Aluminium  1.76 x 102  1.04 x 105 4.09 x 101 7.69 x 100 
Food  1.39 x 102 1.53 x 106 7.62 x 102 2.72 x 102 
Garden  7.56 x 101 4.84 x 105 2.73 x 102 7.94 x 101 
Glass  4.80 x 103 2.84 x 106 1.12 x 103 2.10 x 102 
Hazardous  1.75 x 101 1.04 x 104 8.62 x 100 7.71 x 10-1 
Masonry  7.05 x 101 4.31 x 104 5.51 x 101 3.42 x 100 
Metals, general  2.29 x 102 1.35 x 105 1.17 x 102 9.99 x 100 
Plastic, mixed  1.97 x 103 1.17 x 106 1.00 x 103 8.78 x 101 
Nappies  5.29 x 101 4.77 x 105 2.75 x 103 8.46 x 101 
Paper, mixed  3.33 x 102 1.10 x 107 6.54 x 103 2.06 x 103 
Steel  9.86 x 102 5.82 x 105 5.04 x 102 4.30 x 101 
Textiles, natural  1.17 x 102 9.76 x 105 5.81 x 103 1.76 x 102 
Timber  1.16 x 102 2.82 x 105 4.52 x 101 4.76 x 101 
 
Table 4-17 presents the disaggregated characterised results showing the AP, CCP, EP and POP 
from each waste material for the treatment of 45,000 tonne of MRF residual waste in the 
incineration system. For AP, glass is 1.18 x 104 kg SO2 -eq, steel is 2.80 x 103 kg SO2 -eq and 
mixed paper is 8.75 x 102 kg SO2 -eq which represents 78%, 19% and 5.8% of impact 
respectively. For CCP, mixed plastic are 8.40 x 106 kg CO2 -eq, mixed paper is 7.81 x 106 kg 
CO2 -eq and glass is 5.67 x 106 kg CO2 -eq which represents 31%, 29% and 21% of the impacts 
respectively. For EP, glass is 3.03 x 103 kg PO43-eq, steel is 7.02 x 102 kg PO43-eq and nappies are 
2.14 x 102 kg PO43-eq which represents 83%, 19% and 5.8% of the impacts respectively. Finally, 
for POP, glass is 3.28 x 102 kg C2H4 –eq, steel is 8.34 x 101 kg C2H4 –eq and mixed paper is 6.36 
x 101 kg C2H4 –eq which represents 59%, 15% and 11% of impacts respectively.  
Table 4-17: Disaggregated characterised results by waste material showing the relative 
contribution of different waste materials under the incineration system for the treatment of 
45,000 tonne of MRF residual waste 
 AP  CCP EP  POP  
 kg SO2 -eq kg CO2 -eq kg PO43-eq kg C2H4 -eq 
Aluminium  5.57 x 102 2.55 x 105 1.37 x 102 1.81 x 101 
Food  7.01 x 102 1.01 x 106 1.81 x 102 2.09 x 101 
Garden  2.50 x 102 3.59 x 105 6.45 x 101 7.45 x 100 
Glass  1.18 x 104 5.67 x 106 3.03 x 103 3.28 x 102 
Hazardous  -7.31 x 101 -1.83 x 105 -3.37 x 101 4.85 x 100 
Masonry  1.37 x 102 1.72 x 105 3.42 x 101 3.55 x 100 
Metals, general  6.49 x 102 3.16 x 105 1.63 x 102 1.93 x 101 
Plastic, mixed  -3.88 x 103 8.40 x 106 -1.16 x 103 -8.60 x 100 
Nappies  6.07 x 102 4.04 x 105 2.14 x 102 5.76 x 100 
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 AP  CCP EP  POP  
 kg SO2 -eq kg CO2 -eq kg PO43-eq kg C2H4 -eq 
Paper, mixed  8.75 x 102 7.81 x 106 1.44 x 102 6.36 x 101 
Steel  2.80 x 103 1.36 x 106 7.02 x 102 8.34 x 101 
Textiles, natural  5.81 x 102 8.86 x 105 1.95 x 102 1.02 x 101 
Timber  3.81 x 101 5.69 x 105 2.42 x 100 4.36 x 100 
 
Table 4-18 presents the disaggregated characterised results showing the AP, CCP, EP and POP 
from each waste material for the treatment of 45,000 tonne of MRF residual waste in the 
gasification-pyrolysis system. For AP, the treatment of glass is 1.74 x 104 kg SO2 -eq, steel is 
3.66 x 103 kg SO2 -eq and mixed plastic are 2.62 x 103 kg SO2 –eq which represents 58%, 12% 
and 8.7% of the impacts respectively. For CCP, the treatment of mixed plastic is 1.63 x 107 kg 
CO2 -eq, mixed paper is 7.72 x 106 kg CO2 -eq and glass is 8.29 x 106 kg CO2 -eq which 
represents 42%, 20% and 22% of the impacts respectively. For EP, the treatment of glass is 4.40 
x 103 kg PO43-eq, steel is 9.22 x 102 kg PO43-eq and mixed plastic is 5.49 x 102 kg PO43-eq which 
represents 60%, 13% and 7.5% of the impacts respectively. Finally, for POP, the treatment of 
glass is kg C2H4 -eq, steel is kg C2H4 –eq, and mixed plastic is kg C2H4 -eq which represents 
56%, 12% and 9.4% of the impacts respectively.  
Table 4-18: Disaggregated characterised results by waste material showing the relative 
contribution of different waste materials under the gasification-pyrolysis system for the 
treatment of 45,000 tonne of MRF residual waste  
 AP  CCP EP  POP  
 kg SO2 -eq kg CO2 -eq kg PO43-eq kg C2H4 -eq 
Aluminium  6.70 x 102 3.11 x 105 1.68 x 102 1.49 x 101 
Food  9.59 x 102 1.04 x 106 2.48 x 102 2.28 x 101 
Garden  3.42 x 102 3.73 x 105 8.86 x 101 8.13 x 100 
Glass  1.74 x 104 8.29 x 106 4.40 x 103 3.60 x 102 
Hazardous  2.28 x 102 1.82 x 105 3.38 x 101 9.14 x 100 
Masonry  2.51 x 102 2.60 x 105 5.93 x 101 5.13 x 100 
Metals, general  8.50 x 102 3.98 x 105 2.14 x 102 1.76 x 101 
Plastic, mixed  2.62 x 103 1.63 x 107 5.49 x 102 5.99 x 101 
Nappies  3.55 x 102 4.37 x 105 8.31 x 101 7.57 x 100 
Paper, mixed  1.90 x 103 7.72 x 106 3.70 x 102 4.13 x 101 
Steel  3.66 x 103 1.72 x 106 9.22 x 102 7.60 x 101 
Textiles, natural  7.23 x 102 8.89 x 105 1.69 x 102 1.54 x 101 
Timber  1.22 x 102 6.19 x 105 2.36 x 101 2.16 x 100 
4.8 Monte Carlo Uncertainty Analysis  
The results of the Monte Carlo (MC) simulation are presented as comparative outcomes and 
individual outcomes of the landfill, incineration and gasification-pyrolysis systems. The results 
of the comparative MC simulation compare: 1. landfill to incineration, 2. landfill to gasification-
pyrolysis and 3. incineration to gasification-pyrolysis. The results of the individual Monte Carlo 
simulation show the standalone uncertainty for landfill, incineration and gasification-pyrolysis.  
Table 4-19 shows the results of the comparative MC simulation for treatment of MRF residual 
waste. The results show that when comparing POP in landfill to incineration, and landfill to 
gasification-pyrolysis, thermal treatments outperform landfill in 100% of the 1000 runs. For EP, 
comparing landfill to incineration, and landfill to gasification pyrolysis, thermal treatments 
outperform landfill with 99.7% (i.e., 997 of 1000 runs) and 98.6% certainty (986 of 1000 runs). 
Landfill outperforms thermal treatments for AP and CCP. Landfill AP outperforms incineration 
with 96% certainty, and gasification-pyrolysis with 100%. Landfill CCP outperforms 
incineration with 91.5% certainty, and gasification-pyrolysis with 98.5% certainty. Incineration 
outperforms gasification-pyrolysis in AP with 96.8% certainty, CCP with 84.3% certainty and 
POP with 71.4% certainty. Gasification-pyrolysis outperforms incineration for only EP with 
67.2% certainty.  
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Table 4-19: Monte Carlo simulation results comparing landfill to incineration, landfill to 
gasification-pyrolysis, and incineration to gasification-pyrolysis for the treatment of 45,000 
tonne of MRF residual waste  
Indicator  Percentages of 
simulation where 
landfill had a greater 
impact than 
incineration  
Percentages of 
simulation where 
landfill had a greater 
impact than 
gasification-pyrolysis  
Percentages of 
simulation where 
incineration had a 
greater impact than 
gasification-pyrolysis  
AP  4.0% 0.0% 3.20% 
CCP  8.9% 1.5% 15.7% 
EP  99.7% 98.6% 67.2% 
POP 100.0% 100.0% 28.6% 
 
Table 4-20 presents the results of the individual MC simulation of the landfill system, for the 
treatment of 45,000 tonne of MRF residual waste. For AP, the result at 2.5 percentile is 15% 
lower than the mean, and the result at the 97.5 percentile is 18% higher than the mean. For CCP, 
the result at 2.5 percentile is 5% lower than the mean, and the result at the 97.5 percentile is 6% 
higher than the mean. For EP, the result at 2.5 percentile is 38% lower than the mean, and the 
result at the 97.5 percentile is 62% higher than the mean. Finally, for POP, the result at 2.5 
percentile is 6% lower than the mean, and the result at the 97.5 percentile is 7% higher than the 
mean.  
 Table 4-20: Monte Carlo simulation results for the treatment of 45,000 tonne of MRF residual 
waste under the landfill system  
Indicator  Unit  2.5 Percentile  97.5 Percentile Mean 
AP  kg SO2 -eq 7.72 x 103 1.07 x 104 9.03 x 103 
CCP  kg CO2-eq 1.86 x 107 2.08 x 107 1.96 x 107 
EP  kg PO4-3-eq 1.22 x 104 3.19 x 104 1.97 x 104 
POP kg C2H4 -eq 2.98 x 103 3.39 x 103 3.16 x 103 
 
Table 4-21 presents the results of the individual MC simulation of the incineration system, for 
the treatment of 45,000 tonne of MRF residual waste. For AP, the result at 2.5 percentile is 41% 
lower than the mean, and the result at the 97.5 percentile is 60% higher than the mean. For CCP, 
the result at 2.5 percentile is 32% lower than the mean, and the result at the 97.5 percentile is 
42% higher than the mean. For EP, the result at 2.5 percentile is 27% lower than the mean, and 
the result at the 97.5 percentile is 35% higher than the mean. Finally, for POP, the result at 2.5 
percentile is 33% lower than the mean, and the result at the 97.5 percentile is 57% higher than 
the mean.  
Table 4-21: Monte Carlo simulation results for the treatment of 45,000 tonne of MRF residual 
waste under the incineration system  
Indicator  Unit  2.5 Percentile  97.5 Percentile Mean 
AP  kg SO2 -eq 8.56 x 103 2.34 x 104 1.46 x 104 
CCP  kg CO2-eq 1.79 x 107 3.76 x 107 2.65 x 107 
EP  kg PO4-3-eq 6.49 x 103 1.20 x 104 8.86 x 103 
POP kg C2H4 -eq 3.73 x 102 8.68 x 102 5.54 x 102 
 
Table 4-22 presents the results of the individual MC simulation of the gasification-pyrolysis 
system, for the treatment of 45,000 tonne of MRF residual waste. For AP, the result at 2.5 
percentile is 52% lower than the mean, and the result at the 97.5 percentile is 88% higher than 
the mean. For CCP, the result at 2.5 percentile is 44% lower than the mean, and the result at the 
97.5 percentile is 75% higher than the mean. For EP, the result at 2.5 percentile is 56% lower 
than the mean, and the result at the 97.5 percentile is 94% higher than the mean. Finally, for 
POP, the result at 2.5 percentile is 30% lower than the mean, and the result at the 97.5 percentile 
is 54% higher than the mean.  
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Table 4-22: Monte Carlo simulation results for the treatment of 45,000 tonne of MRF residual 
waste under the gasification-pyrolysis system  
Indicator  Unit  2.5 Percentile  97.5 Percentile Mean 
AP  kg SO2 -eq 1.44 x 104 5.65 x 104 3.00 x 104 
CCP  kg CO2-eq 2.12 x 107 6.61 x 107 3.78 x 107 
EP  kg PO4-3-eq 3.68 x 103 1.61 x 104 8.31 x 103 
POP kg C2H4 -eq 4.38 x 102 9.59 x 102 6.24 x 102 
4.9 Sensitivity Analyses  
This section presents the results for the sensitivity analysis, done with respect to the third 
research question: to find what are the major sensitivities that underpin environmental 
performance of the landfill, incineration and gasification-pyrolysis systems. The scenarios 
undertaken were:  
1. Inclusion of the thermal energy credit avoiding natural gas in the incineration system. 
2. Exclusion of the electricity credits avoiding the Victorian electricity grid in the landfill, 
incineration and gasification-pyrolysis systems.  
3. Inclusion of the mineral residue credit avoiding sand in gasification-pyrolysis system. 
4. Treatment of GHG emissions using the biogenic carbon dioxide neutral method.  
5. Change in the MRF residual waste composition.  
 Scenario 1 Thermal Energy Credit Avoiding Natural Gas  
The baseline results for the incineration system exclude the credit from avoided natural gas for 
steam production on the basis that there is insufficient market demand in Victoria. The inclusion 
of this credit is tested to see its relative impact to the baseline results. Table 4-23 presents the 
baseline results of the incineration system and the sensitivity analysis results, labelled as thermal 
credit. For AP impacts, the inclusion of the thermal energy credit results in a 2.18 x 104 kg SO2 
-eq decrease which is equal to 145%. In CCP, it results in a 4.52 x 106 kg CO2-eq decrease which 
is equal to 17%. In EP, it results in a 5.68 x 103 kg PO4-3-eq decrease, which is equal to 155%, 
and for POP it results in a 1.34 x 102 kg C2H4 -eq decrease which is equal to 24%. The directional 
outcomes compared to the other systems change for AP but not for CCP, EP or POP. The 
sensitivity analysis compared to baseline systems show that for AP, incineration has the lowest 
impact, rather than landfill. 
Table 4-23: Characterised results showing the baseline incineration system and the incineration 
system with a thermal credit sensitivity scenario for the treatment of 45,000 tonne of MRF 
residual waste  
Indicator  Unit  Incineration 
baseline  
Thermal credit 
included  
AP kg SO2 -eq 1.51 x 104  -6.77 x 103 
CCP kg CO2 –eq 2.70 x 107 2.25 x 107 
EP kg PO4-3 -eq 3.67 x 103 -2.01 x 103 
POP kg C2H4 – eq  5.61 x 102 4.27 x 102 
 Scenario 2 Electricity Credits Exclusion 
The baseline results in landfill, incineration and gasification-pyrolysis have credits from the 
Victorian electricity grid. The sensitivity analysis excluding those credits was tested to see its 
relative impact to the baseline results. Table 4-24 shows the baseline results and the sensitivity 
scenario results for the treatment of 45,000 tonne of MRF residual waste the landfill, incineration 
and gasification-pyrolysis systems. The outcomes for the rankings between landfill, incineration 
and gasification-pyrolysis did not change for AP, CCP and EP. However, the results of the 
sensitivity analysis found that gasification-pyrolysis had the lowest POP, not landfill. For AP, 
the sensitivity scenario is 2.69 x 103 kg SO2 –eq greater in landfill, 1.68 x 104 kg SO2 –eq greater 
in incineration and 1.06 x 104 kg SO2 –eq greater in gasification-pyrolysis which is equal to 
increases of 30%, 111% and 35% respectively. For CCP, the sensitivity scenario is 3.39 x 106 
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kg CO2-eq greater in landfill, 2.11 x 107 kg CO2-eq greater in incineration and 1.33 x 107 kg 
CO2-eq greater in gasification-pyrolysis which is equal to increases of 17%, 78% and 34%. For 
EP, the sensitivity scenario is 7.56 x 102 kg PO43- -eq greater in landfill, 4.71 x 103 kg PO43- -eq 
greater in incineration and 2.79 x 103 kg PO43- -eq greater in gasification-pyrolysis which is equal 
to increases of 4%, 52% and 29% respectively. Finally, for POP, the sensitivity scenario is 4.72 
x 101 kg C2H4 -eq greater in landfill, 2.94 x 102 kg C2H4 -eq greater in incineration and 1.85 x 
102 kg C2H4 -eq greater in gasification-pyrolysis which is equal to increases of 2%, 52% and 
29% respectively. 
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Table 4-24: Characterised results showing the baseline and the no-electricity credit sensitivity scenario for the treatment of 45,000 tonne of MRF residual waste in the landfill, 
incineration and gasification-pyrolysis systems  
  Baseline (includes electricity credits) Sensitivity Scenario (excludes electricity credits) 
Indicator  Unit  Landfill Incineration Gasification-
Pyrolysis 
Landfill Incineration Gasification-
Pyrolysis 
AP kg SO2 -eq 9.08 x 103 1.51 x 104 3.01 x 104 1.18 x 104 3.19 x 104 4.07 x 104 
CCP kg CO2 –eq 1.96 x 107 2.70 x 107 3.86 x 107 2.30 x 107 4.81 x 107 5.19 x 107 
EP kg PO43- -eq 1.90 x 104 3.67 x 103 7.33 x 103 1.98 x 104 8.38 x 103 1.03 x 104 
POP kg C2H4 – eq  3.08 x 103 5.61 x 102 6.40 x 102 3.12 x 103 8.55 x 102 8.25 x 102 
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 Scenario 3 Mineral Residue Recycling Credit  
The baseline results for the gasification-pyrolysis system exclude the recycling of mineral 
residue on the basis that there is insufficient evidence of market demand for such a material in 
construction and demolition applications Victoria. The inclusion of this mineral residue 
recycling is tested to see its relative impact to the baseline results. The sensitivity analysis of 
mineral residue recycling is based on using the char as a sand replacement which then results in 
less use of virgin sand resources, and excludes it from the process-specific burdens of treatment 
in residual landfill. Table 4-25 presents the baseline results and the sensitivity analysis results, 
labelled as mineral residue recycling, for the treatment of 45,000 tonne of MRF residual waste 
in the gasification-pyrolysis system. For AP, the sensitivity scenario is 1.65 x 103 kg SO2 –eq 
less in landfill, equal to a decrease of 5.5%, relative to the incineration baseline. For CCP, the 
sensitivity scenario is 2.52 x 105 kg CO2 –eq less in landfill, equal to a decrease of 0.7%, relative 
to the incineration baseline. For EP, the sensitivity scenario is 2.64 x 102 kg PO43- -eq less in 
landfill, equal to a decrease of 3.6%, relative to the incineration baseline. Finally, for POP, the 
sensitivity scenario is 7.47 x 101 kg C2H4 – eq less in landfill, equal to a decrease of 12%, relative 
to the incineration baseline.  
Table 4-25: Characterised results showing the landfill baseline, incineration baseline, and the 
mineral residue recycling sensitivity scenario for the treatment of 45,000 tonne of MRF residual 
waste in the gasification-pyrolysis system (MR = mineral residue)  
Indicator  Unit  Landfill 
baseline  
Incineration 
baseline  
MR recycling 
included  
AP kg SO2 -eq 9.08 x 103 3.01 x 104  2.85 x 104 
CCP kg CO2 –eq 1.96 x 107 3.86 x 107 3.83 x 107 
EP kg PO43- -eq 1.90 x 104 7.33 x 103 7.07 x 103 
POP kg C2H4 – eq  3.08 x 103 6.40 x 102 5.65 x 102 
 Scenario 4 Biogenic Carbon Dioxide (Neutral Method)  
The baseline results were calculated using the biogenic carbon dioxide non-neutral method and 
the sensitivity scenario were calculated using the biogenic carbon dioxide neutral method for 
CCP (refer to Section 3.4.1). Table 4-26 shows the baseline results and the sensitivity scenario 
results for the treatment of 45,000 tonne of MRF residual waste the landfill, incineration and 
gasification-pyrolysis systems. The results show the sensitivity scenario is 1.73 x 107 kg CO2 -
eq less in landfill, 1.41 x 107 kg CO2 -eq less in incineration and 1.36 x 107 kg CO2 -eq less in 
gasification-pyrolysis than the baseline. This is equal to decreases of 88%, 52% and 35% 
respectively. The results also show outcomes for CCP the same in both methods with landfill 
having the lowest CCP, followed by incineration and finally gasification-pyrolysis. Therefore, 
there is no change in the directional outcomes of the results.  
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Table 4-26: Characterised results for climate change potential of the treatment of 45,000 tonne of MRF residual waste under the landfill, incineration and gasification-pyrolysis 
systems. The sensitivity outcomes have biogenic carbon dioxide air emissions considered as being greenhouse neutral and that carbon in landfill in counted as a sequestration 
credit.  
  Baseline Sensitivity Scenario 
Indicator  Unit  Landfill Incineration Gasification-
pyrolysis 
Landfill Incineration Gasification-
pyrolysis 
CCP kg CO2 –eq 1.96 x 107 2.70 x 107 3.86 x 107 2.35 x 106 1.29 x 107 2.50 x 107 
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The disaggregated characterised results for CCP by waste material under the landfill system 
compared to the baseline system are shown in Table 4-27. The results show the CCP of food 
decreases by 2.98 x 106 kg CO2 –eq equal to 195%, garden decreases by 9.28 x 105 kg CO2 –eq 
equal to 192%, nappies decrease by 8.19 x 105 kg CO2 –eq equal to 172%, mixed paper decreases 
by 1.01 x 107 kg CO2 –eq equal to 91%, natural textiles decreases by 1.60 x 106 kg CO2 –eq 
equal to 164% and timber decreases by 8.71 x 105 kg CO2 –eq equal to 309%. The other non-
biomass waste materials decrease by less than 1% due to trace amounts of biogenic flows in their 
inventories.  
 Table 4-27: Disaggregated characterised results for climate change potential by waste material 
of the baseline and the biogenic carbon dioxide neutral method sensitivity analysis under the 
landfill system for the treatment of 45,000 tonne of MRF residual waste  
 Baseline  Sensitivity  
 kg CO2 -eq kg CO2 -eq 
Aluminium  1.04 x 105 1.03 x 105 
Food  1.53 x 106 -1.45 x 106 
Garden  4.84 x 105 -4.44 x 105 
Glass  2.84 x 106 2.81 x 106 
Hazardous  1.04 x 104 1.03 x 104 
Masonry  4.31 x 104 4.27 x 104 
Metals, general  1.35 x 105 1.34 x 105 
Plastic, mixed  1.17 x 106 1.16 x 106 
Nappies  4.77 x 105 -3.42 x 105 
Paper, mixed  1.10 x 107 9.50 x 105 
Steel  5.82 x 105 5.77 x 105 
Textiles, natural  9.76 x 105 -6.20 x 105 
Timber  2.82 x 105 -5.89 x 105 
 Scenario 5 MRF Residual Waste Composition  
Table 4-28 presents the characterised results for the AP of the baseline and three other waste 
compositions characterising the waste feedstock for the treatment of 45,000 tonne of MRF 
residual waste under the landfill, incineration and gasification-pyrolysis systems. Gasification-
pyrolysis has the highest AP, regardless of waste composition. However, incineration has the 
lowest AP, rather than landfill for Waste Composition 1 and Waste Composition 3. Waste 
Composition 2 has the same outcomes as the baseline (i.e., landfill has the lowest AP and 
gasification-pyrolysis has the highest AP). Waste Composition 1 is 1.89 x 102 kg SO2-eq less in 
landfill, 8.47 x 103 kg SO2-eq less in incineration, and 3.69 x 103 kg SO2-eq less in gasification-
pyrolysis, relative to the baseline, equal to decreases of 2.1%, 56% and 12% respectively. Waste 
Composition 2 is 3.50 x 103 kg SO2-eq less in landfill, 5.60 x 103 kg SO2-eq less in incineration 
and 8.46 x 103 kg SO2-eq less in gasification-pyrolysis is, relative to the baseline, equal to 
decreases of 39%, 85% and 32% respectively. Waste Composition 3 is 3 1.71 x 103 kg SO2-eq 
less in landfill, 1.84 x 104 kg SO2-eq less in incineration and 1.26 x 104 kg SO2-eq less in 
gasification-pyrolysis is, relative to the baseline, equal to decreases of 31%, 194% and 58% 
respectively. 
Table 4-28: Characterised results for the acidification potential of the baseline and three other 
waste composition characterising the waste feedstock for the treatment of 45,000 tonne of 
MRF residual waste under the landfill, incineration and gasification-pyrolysis systems (GP = 
gasification-pyrolysis, WC = waste composition)  
Waste  Unit  Landfill  Incineration  GP  
Baseline  kg SO2 -eq 9.08 x 103 1.51 x 104 3.01 x 104 
WC 1  kg SO2 –eq 8.89 x 103 6.61 x 103 2.64 x 104 
WC 2  kg SO2 –eq 5.58 x 103 9.48 x 103 2.17 x 104 
WC 3  kg SO2 –eq 7.37 x 103 -3.30 x 103 1.75 x 104 
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Table 4-29 presents the characterised results for the CCP of the baseline and three other waste 
compositions characterising the waste feedstock for the treatment of 45,000 tonne of MRF 
residual waste under the landfill, incineration and gasification-pyrolysis systems. Gasification-
pyrolysis has the highest CCP, regardless of waste composition. However, incineration has the 
lowest CCP, rather than landfill for Waste Composition 2. Waste Composition 1 and Waste 
Composition 3 have the same outcomes as the baseline (i.e., landfill has the lowest CCP and 
gasification-pyrolysis has the highest CCP). Waste Composition 1 is 1.98 x 107 kg CO2 –eq 
greater in landfill, 3.27 x 107 kg CO2 –eq greater in incineration and 5.31 x 107 kg CO2 –eq greater 
in gasification-pyrolysis, relative to the baseline, equal to increases of 101%, 121% and 138% 
respectively. Waste Composition 2 is 4.19 x 107 kg CO2 –eq greater in landfill, 3.85 x 107 kg 
CO2 –eq greater in incineration and 4.70 x 107 kg CO2 –eq greater in gasification-pyrolysis, 
relative to the baseline, equal to increases of 211%, 118% and 88% respectively. Waste 
Composition 3 is 3.35 x 107 kg CO2 –eq greater in landfill, 4.47 x 107 kg CO2 –eq greater in 
incineration and 6.54 x 107 kg CO2 –eq greater in gasification-pyrolysis, relative to the baseline, 
equal to increases of 80%, 116% and 139% respectively. 
Table 4-29: Charcterised results for the climate change potential of the baseline and three other 
waste composition characterising the waste feedstock for the treatment of 45,000 tonne of 
MRF residual waste under the landfill, incineration and gasification-pyrolysis systems (GP = 
gasification-pyrolysis, WC = waste composition) 
Waste  Unit  Landfill  Incineration  GP  
Baseline  kg CO2 –eq 1.96 x 107 2.70 x 107 3.86 x 107 
WC 1  kg CO2 –eq 1.98 x 107 3.27 x 107 5.31 x 107 
WC 2  kg CO2 –eq 4.19 x 107 3.85 x 107 4.70 x 107 
WC 3  kg CO2 –eq 3.35 x 107 4.47 x 107 6.55 x 107 
 
Table 4-30 presents the characterised results for the EP of the baseline and three other waste 
compositions characterising the waste feedstock for the treatment of 45,000 tonne of MRF 
residual waste under the landfill, incineration and gasification-pyrolysis systems. Landfill has 
the highest EP and incineration has the lowest EP regardless of the waste composition. Waste 
Composition 1, Waste Composition 2 and Waste Composition 3 all have the same outcomes as 
the baseline. Waste Composition 1 is 8.77 x 103 kg PO43- -eq greater in landfill, 2.22 x 103 kg 
PO43- -eq less in incineration and 1.11 x 103 kg PO43- -eq less in gasification-pyrolysis, relative 
to the baseline, equal to an increase of 46% for landfill, a decrease of 60% for incineration and 
a decrease of 15% for gasification-pyrolysis. Waste Composition 2 is 5.85 x 103 kg PO43- -eq 
greater in landfill, 1.57 x 103 kg PO43- -eq less in incineration and 2.11 x 103 kg PO43- -eq less in 
gasification-pyrolysis, relative to the baseline, equal to an increase of 21% for landfill, a decrease 
of 108% for incineration and a decrease of 34% for gasification-pyrolysis. Waste Composition 
3 is 1.20 x 104 kg PO43- -eq greater in landfill, 5.07 x 103 kg PO43- -eq less in incineration and 
3.50 x 103 kg PO43- -eq less in gasification-pyrolysis, relative to the baseline, equal to an increase 
of 48% for landfill, a decrease of 240% for incineration and a decrease of 67% for gasification-
pyrolysis. 
Table 4-30: Characterised results for the eutrophication potential of the baseline and three 
other waste composition characterising the waste feedstock for the treatment of 45,000 tonne 
of MRF residual waste under the landfill, incineration and gasification-pyrolysis systems (GP 
= gasification-pyrolysis, WC = waste composition) 
Waste  Unit  Landfill  Incineration  GP 
Baseline  kg PO43- –eq 1.90 x 104 3.67 x 103 7.33 x 103 
WC 1  kg PO43- –eq 2.78 x 104 1.45 x 103 6.23 x 103 
WC 2  kg PO43- -eq 2.49 x 104 2.11 x 103 5.22 x 103 
WC 3  kg PO43- –eq 3.10 x 104 -1.39 x 103 3.83 x 103 
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Table 4-31 presents the characterised results for the POP of the baseline and three other waste 
compositions characterising the waste feedstock for the treatment of 45,000 tonne of MRF 
residual waste under the landfill, incineration and gasification-pyrolysis systems. Landfill has 
the highest POP and incineration has the lowest POP regardless of the waste composition. Waste 
Composition 1, Waste Composition 2 and Waste Composition 3 all have the same outcomes as 
the baseline. Waste Composition 1 is 2.43 x 101 kg C2H4 – eq greater in landfill, 1.38 x 102 kg 
C2H4 – eq less in incineration and 4.20 x 101 kg C2H4 – eq less in gasification-pyrolysis, relative 
to the baseline, equal to an increase of 0.8% for landfill, a decrease of 25% for incineration and 
a decrease of 6.6% for gasification-pyrolysis. Waste Composition 2 is 4.34 x 103 kg C2H4 – eq 
greater in landfill, 9.14 x 101 kg C2H4 – eq less in incineration and 1.44 x 102 kg C2H4 – eq less 
in gasification-pyrolysis, relative to the baseline, equal to an increase of 140% for landfill, a 
decrease of 22% for incineration and a decrease of 24% for gasification-pyrolysis. Waste 
Composition 3 is 2.75 x 103 kg C2H4 – eq greater in landfill, 3.04 x 102 kg C2H4 – eq less in 
incineration and 2.55 x 102 kg C2H4 – eq less in gasification-pyrolysis, relative to the baseline, 
equal to an increase of 37% for landfill, a decrease of 65% for incineration and a decrease of 
51% for gasification-pyrolysis. 
Table 4-31: Characterised results for the photochemical oxidation potential of the baseline and 
three other waste composition characterising the waste feedstock for the treatment of 45,000 
tonne of MRF residual waste under the landfill, incineration and gasification-pyrolysis systems 
(GP = gasification-pyrolysis, WC = waste composition) 
Waste  Unit  Landfill  Incineration  GP  
Baseline  kg C2H4 – eq 3.08 x 103 5.61 x 102 6.40 x 102 
WC 1  kg C2H4 – eq 3.10 x 103 4.23 x 102 5.98 x 102 
WC 2  kg C2H4 – eq 7.42 x 103 4.69 x 102 4.96 x 102 
WC 3  kg C2H4 – eq   5.83 x 103 2.57 x 102 3.85 x 102 
4.10 Results Conclusion  
The results conclusion shows the relative outcomes of results, in order of lowest to greatest, by 
a ranking method. Table 4-32 shows the baseline characterised results of potential impacts, 
presented in Table 4-1) ranked 1, 2, 3 to indicate which waste management system has the 
lowest, middle and greatest potential impact under each indicator.  
Table 4-32: Ranking of the waste management systems using indicators for potential impacts, 
based on the baseline characterised results (1 = lowest impact, 2 = middle impact, 3 = greatest 
impact, GP = gasification-pyrolysis)  
Indicator  Landfill  Incineration  GP 
AP  1 2 3 
CCP  1 2 3 
EP  3 1 2 
POP 3 1 2 
 
Table 4-33 shows the normalised results (normalisation in reference to Australia in 2015, 
presented in Table 4-2) ranked 1, 2, 3 and 4 to indicate the lowest, second lowest, second 
greatest, and greatest normalised score under the waste management systems.  
Table 4-33: Rankings the magnitudes of environmental loads using indicators by each waste 
management system, based on normalisation in reference to annual emissions in Australia in 
2015 (1 = lowest score, 2 = second lowest score, 3 = second greatest score, 4 = greatest score, 
GP = gasification-pyrolysis)  
Indicator  AP CCP EP  POP 
Landfill 3 4 2 1 
Incineration 3 4 2 1 
GP 3 4 2 1 
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Table 4-34 shows the weighted single score results (based on normalisation in reference to 
Australia in 2015, presented in Table 4-4) ranked 1, 2, 3 to indicate which waste management 
system has the lowest, middle and greatest single score for each weighting method.  
Table 4-34: Rankings of waste management systems using weighted single score results, based 
on normalised in reference to Australia, for four weighting methods (1 = lowest score, 2 = 
middle score, 3 = greatest score, GP = gasification-pyrolysis)  
Method Landfill Incineration GP 
Equal  1 2 3 
Skewed to non-CCP 1 2 3 
BPIC 1 2 3 
BEES+ 1 2 3 
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5. Discussion 
 
This chapter focuses on drawing analytical attention and discussion to how the results have 
informed the outcome, whilst identifying its limitations; and addressed the research questions of 
the thesis: 
1. What is the environmental performance according to a life cycle assessment of 
residual waste from material recovery facilities (MRFs) treated in landfill compared 
to thermal treatment alternatives in Victoria?  
 
2. What are the major sensitivities that underpin environmental performance of these 
systems? 
 
3. How appropriate is the waste management hierarchy as a tool for environmental 
waste management policy?  
In this chapter, results are discussed using the functional unit: the management of 45,000 tonne 
of MRF residual waste in Victoria over one year, unless stated otherwise.  
5.1 Directional Outcome  
The directional environmental outcome of this thesis is that landfill is preferable for the 
management of MRF residual waste, compared with incineration and gasification-pyrolysis. 
This is based on baseline characterised results of potential impacts that show landfill has lower 
CCP and AP, compared with incineration and gasification-pyrolysis. Normalisation of these 
potential impacts in reference to annual Australian emission in 2015, show that the magnitude 
of relative environmental impacts are greatest in CCP and AP across all systems. Additionally, 
based on the outcomes of the weighted single scores, presented in Table 4-4, landfill has the 
lowest score of the three waste management options. However, identifying the limitations 
associated with this outcome are critical and form the basis of the remainder of this discussion 
section. These results are to be compared and discussed in the context of LCA literature.  
 Acidification Potential  
The disaggregated characterised results by processes, presented in Section 4.4, show that AP is 
largely driven by energy use, with relatively lower contributions from combustion of waste in 
thermal treatments. The outcomes are that landfill has the lowest AP, followed by incineration 
and finally gasification-pyrolysis. However, the sensitivity analysis showed that if the 
incineration system includes the thermal energy credit avoiding natural gas, AP changes so that 
incineration is lower landfill, results shown in Table 4-23. Comparing incineration and 
gasification-pyrolysis, the direct emissions (i.e., emissions released from the combustion of 
waste) were 2.47 x 103 kg SO2-eq from incineration and 1.5 x 103 kg SO2-eq from gasification-
pyrolysis. However, despite direct emissions from gasification-pyrolysis being lower than 
incineration, the high burdens from natural gas use, along with lower credits from avoided 
electricity production, ultimately drove the higher net result. Moreover, uncertainty results, 
discussed in Section 5.1.7, show strong confidence (96.8% of runs) that incineration has lower 
AP than gasification-pyrolysis, and the results align with the outcomes from Hellweg (2000).  
Comparing to other literature, Zaman (2010) assessed the environmental performance of one 
tonne of MSW managed in landfill, incineration or gasification-pyrolysis and, like this thesis 
found that landfill outperformed incineration and gasification-pyrolysis. However, the scale of 
difference for potential impacts comparing gasification-pyrolysis to incineration, are not 
consistent with the results of this thesis. Zaman (2010) found that AP in incineration is 232% 
greater than gasification-pyrolysis, compared with this thesis where gasification-pyrolysis is 
200% greater than incineration. The system boundaries differ between this thesis and Zaman 
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(2010): transport and collection of waste are omitted from Zaman (2010) whereas these 
processes are included in this thesis, and the life cycle impact assessment (LCIA) method used 
by Zaman (2010) was CML 2 Baseline 2000, that is now superseded. The gasification-pyrolysis 
technology used in Zaman (2010) is not specified but the operating temperature of the chamber 
is described as 1000 – 1400°C; and the process was described as having similar nitrogen oxide 
emissions as other thermal treatment technologies. Despite this description, the nitrogen oxide 
emissions are reported as 1600 g from incineration, and 780 g from gasification-pyrolysis per 
tonne of waste. In this thesis, nitrogen oxide emissions (uncharacterised) are 548 g from 
incineration, and 1187 g from gasification-pyrolysis. This thesis based the gasification-pyrolysis 
technology on the Thermoselect process that uses high-temperature gasification at 2000°C, 
requiring natural gas usage of 1.9 MJ/kg (incineration uses 0.61 MJ/kg). Despite inconsistencies 
with other LCA studies, it is understood from the disaggregated characterised results that AP is 
sensitive to combustion of fossil fuels producing nitrogen oxides and sulfur dioxide. Auxiliary 
processes for the treatment of waste that require combustion of fossil fuels include stationary, 
transport and heating fuels. Low-temperature gasification was not included in this thesis, and 
research into the natural gas demand for different technologies has not been explored. Different 
outcomes, particularly between the rankings of incineration and gasification-pyrolysis may 
change if a different technology to Thermoselect were modelled. The low-temperature 
gasification plants in Western Australia report expected concentrations of sulfur oxides at 37 
mg/m3 and nitrous oxides at 90 mg/m3 that are lower than industry standards (New Energy 2014, 
2016). However, it is not easy to relate flow concentrations to a functional unit. Regardless, 
generalised claims made by the proponents for thermal treatments are not considered reliable 
life cycle inventory (LCI) sources.  
Moberg et al. (2005), analysed treatment of individual materials (i.e., newsprint and PET) in 
landfill and incineration, using characterisation factors for acidifying substances based on 
Christiansen et al. (1995). Table 5-1 presents the AP characterisation factors used in Moberg et 
al. (2005) and this thesis. Notably, hydrochloric acid (HCl) is not considered an acidifying 
substance under the CML-IA Version 3.02 method (PRé Sustainability 2016), and other 
characterisation factors differ for sulfur dioxide, nitrogen oxides, and ammonia. The results from 
Moberg et al. (2005) show that both newsprint and PET have net negative results in incineration, 
and net positive results in landfill (i.e., incineration is a net benefit, whereas landfill is a net 
burden). The disaggregated characterised results by waste material, presented in Section 4.7 
show that mixed plastic has the same AP outcome as PET from Moberg et al. (2005). However, 
mixed paper AP is different to the newsprint AP from Moberg et al. (2005), where incineration 
outperformed landfill. For mixed paper, the individual electricity production potential under 
landfill is 1.1 MJ/kg (i.e., based on 6.19 x 10-2 kg CH4 for electricity production, 50 MJ/kg CH4 
and 35% efficiency factor for electricity production). This is 48% lower than incineration, (i.e., 
2.2 MJ/kg based on LHV of 14.1 MJ/kg and gross efficiency factor for electricity production of 
15.8%). A reasonable explanation for the different outcome is that Moberg et al. (2005) assumes 
LFG also avoids fuel from felled forests residue as well as fossil fuel-based electricity 
production, and does not include burdens from the MRF that also contribute to AP.  
Table 5-1: Comparision between the AP LCIA of Moberg et al. (2005) to the LCIA used in this 
thesis  
  Moberg et al. (2005) 
Nordic Guidelines on 
LCA 1995 
This Thesis  
CML-IA Version 
3.02 
Substance  Compartment  kg SO2-eq  kg SO2-eq 
SO2  to air  1 1.2 
HCl  to air  0.88 - 
NOX  to air  0.7 0.5 
NH3 to air  1.88 1.6 
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In conclusion, thermal treatments will only have lower AP than landfill, if the credits from 
avoided processes included are greater than the direct burdens of other processes within the 
system boundary. In this thesis, those credits were insufficient to reduce AP, except when the 
thermal energy credit for natural gas avoidance is included for incineration. The sensitivities 
relating to AP from credits associated with different MRF residual waste composition are 
discussed in Section 5.3. Moreover, although incineration outperforms gasification-pyrolysis for 
AP, like Hellweg (2000), other gasification-pyrolysis technology, that is not based on 
Thermoselect could have lower internal demands for energy use due to lower operating 
temperatures in the gasification chambers.  
 Climate Change Potential 
The results show that landfill has the lowest CCP regardless of the approach taken to account 
for GHG emissions, followed by incineration and then gasification-pyrolysis. Results of CCP 
for waste management studies are varied, due to different methodological approaches for LCAs 
and inconsistent system boundaries. The rankings for the treatment of MSW in landfill, 
incineration and gasification from Grant, James and Partl (2003) show that landfill has the lowest 
CCP, followed by gasification, and then incineration. Conversely, the Zaman (2010) study show 
CCP from landfill is 176% greater than incineration and 181% greater than gasification-
pyrolysis. However, these results are sensitive to the methodological approach taken by Zaman 
(2010) to treat GHG emissions using the CML 2 Baseline 2000, as shown in Table 5-2. The 
CML 2 Baseline 2000 LCIA method does not include biogenic carbon dioxide emissions or 
sequestration (PRé Sustainability 2016).  
Table 5-2: Comparision between the GHG accounting approaches of Zaman (2010) to the 
baseline and sensitivity analysis of this thesis.  
 Zaman (2010) 
CML 2 
Baseline 2000 
 
This thesis 
GHG Emission Biogenic CO2 
non- neutral (kg 
CO2 -eq) 
Biogenic CO2 
neutral 
(kg CO2 -eq) 
CO2 biogenic emitted  Not included  1 0 
CO2 biogenic sequestered  Not included  0 -1 
CO2 fossil emitted  1 1 1 
CH4 biogenic emitted  20 25 22.25 
CH4 fossil emitted 23 25 25 
 
The direct carbon dioxide emissions for incineration and gasification-pyrolysis are reported by 
Zaman (2010) as 1000 kg CO2, however, using a 39.5% fossil carbon content for waste, 395 kg 
CO2 is counted, and the remaining 605 kg CO2 is not counted. The systems all recover energy 
that avoids the Swedish electricity grid, although the net credits are not reported, nor are details 
of the production input mix to the electricity grid. The start-up energy is reported as 436% greater 
in gasification-pyrolysis than incineration. The differences in outcomes of this thesis compared 
with those of Zaman (2010) reinforces the need to consider temporal references of other 
literature and awareness of many different GHG accounting approaches. Moreover, if the CML 
2 Baseline 2000 LCIA used in Zaman (2010) was applied to this thesis, given the exclusion of 
biogenic carbon dioxide emitted and sequestered, than landfill may not outperform the thermal 
treatments. Another example is in Finnveden et al. (2005), where LCA results of mixed waste 
(i.e., composition: 14.8% food, 73.1% mixed paper and 12.1% mixed plastic) disposed in landfill 
and incineration show that GHG emissions in landfill are 383% greater than incineration. The 
GHG accounting was based on the IPCC 2nd Assessment Report (Houghton et al. 1996), and like 
the CML 2 Baseline 2000 LCIA, did not include biogenic carbon dioxide emitted or sequestered. 
Therefore, given the waste is 87.9% biomass (i.e., food and mixed paper), and the combusted 
biogenic carbon dioxide from incineration is not counted, the difference in result is understood. 
The weighted result (including other environmental indicators) of a sensitivity analysis in 
Finnveden et al. (2005) that includes carbon sequestration shows that landfill outperforms 
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incineration. The potential impacts from GHG emissions in the sensitivity analysis were not 
separately reported.  
In conclusion, even though the biogenic carbon dioxide neutral sensitivity analysis does not 
change the directional outcome for CCP, the application of an outdated LCIA method based on 
different GHG accounting may do so. Given the order of magnitude of CCP in the normalised 
results, refer to Section 4.2, interpretation of CCP should be done carefully. These temporal 
variations in GHG accounting reinforce the difficulties in validating weighted single score 
results.  
 Eutrophication Potential  
The characterised results for EP, presented in Table 4-1, show that EP under the landfill system 
is greater than both incineration by 418% and gasification-pyrolysis by 159% due to the direct 
emissions of nitrate from leachate processed through the wastewater treatment plant. The 
sensitivity analysis excluding electricity credits from all systems, refer to Section 4.9.2, did not 
change the directional outcome for EP. This is contrary to the findings from Assamoi and 
Lawryshyn (2012) where EP (measured in kg NO3-eq) from incineration has higher direct 
burdens within the system boundary than landfill; and landfill is only greater incineration if 
including credits from avoided electricity.  
The method used for LCIA in Assamoi and Lawryshyn (2012) is not reported for EP. Instead, 
four characterisation factors are reported, that were sourced from another study which cites 
Hauschild and Wenzel (1998). The EP characterisation factors from Assamoi and Lawryshyn 
(2012) and this thesis are shown in Table 5-3. Despite the method (name not reported) from 
Assamoi and Lawryshyn (2012) being sourced from literature published in 1998, the 
characterisation factors are similar to those used in CML-IA Version 3.02 for this thesis. 
However, Assamoi and Lawryshyn (2012) does not include all euthrophying substances that are 
reported in CML-IA Version 3.02, see Table 3-21, including ammonia, ammonium ion, COD, 
phosphate and nitric acid. These missing euthrophying substances overlooked by Assamoi and 
Lawryshyn (2012) contribute to 5.9% of EP in the incineration system of this thesis, shown in 
Table 4-11. Although, the euthrophying substances used to characterise EP in Assamoi and 
Lawryshyn (2012) is incomplete compared to CML-IA Version 3.02, the differences in LCI are 
the main reason comparisons are challenging.  
Table 5-3: Comparision between the characterisation factors for eutrophying substances for the 
unknown method1 used in Assamoi and Lawryshyn (2012) and CML-IA Version 3.02 (Institute 
of Environmental Sciences 2016) used in this thesis  
  Assamoi and 
Lawryshyn (2012) 
Method not reported 
This Thesis 
CML-IA Version 
3.02 
Substance  Compartment  kg PO43- -eq  kg PO43- -eq 
Total nitrogen  to water 0.44 0.42 
Total phosphorus  to water 3.20 3.06 
NOX  to air  0.14 0.13 
N2O to air  0.28 0.27 
1 NO3- -eq were converted to PO43- -eq by factor 0.10, based on CML-IA Version 3.02 
 
The system boundary from Assamoi and Lawryshyn (2012) did not include leachate emissions 
from a wastewater treatment plant. Instead, leachate emissions produced from precipitation 
falling directly on the site that percolate through landfill cap were used from a priori values. The 
disaggregated characterised results for the landfill system, presented in Table 4-13, show that 
direct emissions from leachate processed through the wastewater treatment plant are the largest 
contributor its EP; whereas the incineration system generates EP (on a smaller scale) from 
energy demands including internal use of natural gas and electricity.  
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Despite Moberg et al. (2005) using a LCIA method for EP based on Christiansen et al. (1995), 
the characterisation factors are identical to those in CML-IA Version 3.02, shown in Table 3-21. 
The LCI for the landfill and incineration models were sourced from Björklund (1998), and 
specific data is not outlined. The landfill system reportedly treats 80% of the wastewater 
producing leachate emissions. For newsprint, the results show that incineration has higher EP 
than landfill. It is unclear what process are driving burdens and benefits, including those from 
avoided fossil fuel-based electricity and thermal energy from felled forest residues.  
In this thesis, leachate emissions are based on the fractions of mixed paper and mixed plastic 
etc., deposited in landfill over 100 years, and using transfer coefficients (based on their 
degradability), the quantities of emitted substances are calculated (Doka 2009). As these 
calculations were based on one European report, the uncertainty factors given to emissions from 
water in landfill were high. While the uncertainty of some of the individual EP outcomes were 
high, the comparative Monte Carlo (MC) uncertainty (which accounts for the confidence in the 
difference between the two inventories) outcomes indicate a higher level of confidence. 
In conclusion, whilst uncertainty in individual outcomes from the landfill model are high, the 
EP results highlight the importance of optimising wastewater treatment of Victorian landfills, in 
order to minimise potential environmental impacts. Inconsistencies with outcomes from 
Assamoi and Lawryshyn (2012) (i.e., incineration has higher EP from direct burdens than 
landfill) and Moberg et al. (2005) (i.e., incineration has higher EP than landfill) are rationalised 
by differences in reported LCI including those from avoided processes, regional variations and 
application of different LCIA methods.  
 Photochemical Oxidation Potential  
The POP results, presented in Table 4-1, show that landfill consistently has higher POP than the 
thermal treatments. The characterised results show that POP under landfill is 449% greater than 
incineration and is 391% greater than for gasification-pyrolysis. Moreover, MC uncertainty 
results showed strong confidence (100% of runs) that POP under landfill is greater than the 
thermal treatments. The performance of incineration and gasification-pyrolysis is less certain, as 
is shown in the comparative MC uncertainty analysis where POP under incineration is greater 
in 28.6% of runs. In addition, POP outcomes from incineration and gasification-pyrolysis are 
sensitive to the exclusion of electricity credits, refer to Section 4.9.2. 
The outcomes of POP are consistent with the findings in Zaman (2010), except that the 
incineration and gasification-pyrolysis net POP values are negative. The characterised results in 
Zaman (2010) are not disaggregated to show what are the substances or process drivers cause 
net negative POP under incineration and gasification-pyrolysis. The net negative POP could 
indicate that the credit from the Swedish electricity grid are greater the burdens on the remainder 
of the system, or that there are greater flows from smog producing substances that carry negative 
POP characterisation factors. In the CML 2 Baseline 2000 method used by Zaman (2010), nitric 
oxide (i.e., -0.427 kg C2H4-eq) and benzaldehyde (-0.092 kg C2H4-eq), carry net negative 
characterisation factors (PRé Sustainability 2016) meaning that they can destroy other POP 
substances, and thus result in a net benefit. Considering nitric oxide and benzaldehyde are not 
listed as emitted substances (at 1% cut-off), presented in Table 4-12, it is considered unlikely 
that Zaman (2010) would have significant flows of those substances. Therefore, it is more likely 
to be due to a credit avoiding Swedish electricity grid, resulting in net negative POP under the 
incineration and gasification-pyrolysis systems.  
The interpretation of the POP is further complicated because it is a regional indicator rather than 
a global indicator (e.g., CCP). The spacial variability in this thesis is limited because CML-IA 
Version 3.02 uses estimates of background concentration of substances in Europe, not Australia. 
For example, the LCIA method measures POP as the change in concentration of reactive smog 
producing substances over five days per a unit area (geographical region), that is based in Europe 
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(PRé Sustainability 2016). As discussed in Crossin (2014), not considering local factors for 
regionally based indicators can be important to the potential risk of over or understatement of 
impacts. There is no LCIA method available to measure POP in Australia, and it is unknown if 
there is research and development underway for regional life cycle indicators in Australia.  
In conclusion, POP is the only indicator to show directional sensitivity to avoided electricity 
credits. However, given the results of the MC comparative uncertainty analysis, there is not 
enough confidence to rank incineration and gasification-pyrolysis (after landfill) for POP. 
Although normalised results shows POP to have the lowest order of magnitude (i.e., the lowest 
relative importance), presented in Section 4.2, future work would benefit from research into an 
Australian method to determine potential impacts caused by smog-producing substances.  
 Normalisation  
Normalisation by the annual environmental load of a region or country is a common approach 
to understand the magnitude of potential impacts (Clift, Doig & Finnveden 2000). The 
normalisation approach in this thesis is in reference to Australia in 2015. The normalised results, 
presented in Table 4-2, show CCP has the highest normalised score for each of the waste 
management options, followed by AP, EP and finally POP. The baseline characterised results, 
presented in Table 4-1, show that landfill has lowest potential impacts for CCP and AP, but not 
for EP and POP. This outcome is significant because the normalisation scores are highest for the 
potential impacts (i.e., CCP and AP) where landfill is lowest, and thermal treatments are highest. 
The outcome carries forward to weighted single scores, where landfill is lowest. However, the 
annual emissions of different pollutants in Australia may change over the coming decades. In 
such a scenario, it is likely that landfill would no longer have the lowest single score if there 
were higher magnitudes of substances leading to EP and POP, rather than CCP. However, from 
2006-2007 to 2015-2016, annual emissions of reference values in Australia show decreases for 
AP of 16%, EP of 10% and POP of 18% over that decade (Commonwealth of Australia 2017c). 
Conversely, GHG emissions leading to CCP in Australia increased 2% from 2006 to reach 5.38 
x 1011 kg CO2 –eq in 2015 (Commonwealth of Australia 2017a). Importantly for consistency, 
the normalised results in reference to global emissions in 2000, presented in Table 4-3, show 
that CCP still has the highest magnitude in each waste management system.  
It is important to highlight that normalisation is still only a relative measure of an environmental 
impact, and should be used carefully in relation to determining environmental significance. The 
reference value is the estimated annual environmental load for a region or country. Incomplete 
data used for estimating the reference values is understood to be a leading cause of bias 
undermining normalisation (Heijungs et al. 2006). Significant inaccuracy of the reference values 
can lead to compromised decision-making that is based on a single score result. In this thesis, 
there are AP, EP and POP substances within the LCIA which are not reported in the National 
Pollutant Inventory database, which is used to calculate Australian normalisation reference 
values for AP, EP and POP (Commonwealth of Australia 2017c). The missing substances for 
AP are sulfur monoxide and sulfur trioxide; for EP, ammonium ion, COD, nitrate, nitric oxide, 
phosphate, phosphoric acid and phosphorus pentoxide; and for POP, butadiene and some 
aromatic hydrocarbons. Therefore, the normalised values are likely to be lower for AP, EP and 
POP than is reported in this thesis. Reference value bias of GHG emissions leading to CCP is 
considered to be less common because of fewer substances characterising the potential impacts 
(Heijungs et al. 2006). In addition, the CCP reference value is sourced from National Greenhouse 
Gas Inventory, required to meet standards for Kyoto Protocol accounting (Commonwealth of 
Australia 2017a).  
In conclusion, the magnitude of normalised results in Australia for CCP is orders of magnitude 
higher than the normalised results of other indicators; (e.g., in landfill, CCP is higher than AP 
by 924%, EP by 1104%, and POP by 54,072%). Therefore, despite some uncertainty in the 
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completeness of reference values estimated for AP, EP and POP, the relative environmental load 
is inarguably greatest for CCP in the context of this thesis.  
 Weighting  
The weighting method (i.e., aggregating multiple normalised environmental impacts into a 
single score) is an area of debate. Single score results from aggregating midpoint indicators is 
used in approximately 50% of waste management LCA studies to compare different scenarios 
(Allesch & Brunner 2014). It is understood that weighting is controversial because it inherently 
requires judgement to be made on the importance and scientific significance of different 
indicators (Clift, Doig & Finnveden 2000). However, in accordance with recommendations from 
International Standardization Organization (2006b), the weighted single score results from this 
thesis are reported together with potential impacts (i.e., midpoint indicators) and normalised 
results. The weighted single score results, presented in Table 4-4, show that landfill has the 
lowest score, regardless of the weighting method applied to normalised results in reference to 
Australia.  
A sensitivity test on weighted single score results, presented in Table 4-5, was done by weighting 
normalised results based on global emissions (rather than Australian emissions) from CML 
Version 3.02 (Institute of Environmental Sciences 2016). For this, landfill has the lowest score 
for the equal, Australian BPIC method and BEES+ methods. However, an exception to these 
results is when the weightings are skewed to non-CCP indicators; showing the relative measure 
of environmental impacts are sensitive to regions, and value-judgement placed on weighting 
factors. Considering the reference value for global emissions is from 2000 (Institute of 
Environmental Sciences 2016), data quality in relation to temporal variance is another 
consideration for this result.  
If a final value is considered for Victorian-based decision-making, it is recommended to use the 
single score result from the Australian BPIC method applied to normalised results in reference 
to Australia. The justification being that there has been no other recent LCA weighting methods 
for Australia since the Australian BPIC method (Bengtsson, Howard & Kneppers 2010) 
published in 2010. The methodology adopted for the Australian BPIC method is based on a 
series of surveys across Australia, questioning stakeholders’ perceived importance of different 
environmental impacts, consistent with the panel approach (see Section 2.5.2). However, there 
are 15 indictors in total for that survey, including terrestrial eco-toxicity, and marine and 
freshwater eco-toxicity, weighted (as fraction of total) as 6%, 12% and 10%, respectively. 
Incineration and gasification-pyrolysis LCA results from Zaman (2013) shows that normalised 
scores for marine and freshwater eco-toxicity, are both orders of magnitude higher than all other 
indicators (including AP, CCP, EP and POP); although, the normalised scores for terrestrial eco-
toxicity is lower in order of magnitude than CCP and AP. If these indicators were included, the 
single score would be different, so consideration of all relevant indicators for decision-making 
would be critical. For completeness, other indicators that are not well represented by LCA can 
be included, such as volume of material leading to visual impacts, like litter in public places, or 
odour impacts. Additionally, the economic and social acceptance of the different waste 
management technologies could also be included. 
Alternatively, endpoint methods can be used to derive single scores from multiple environmental 
impacts. The European-based ReCiPe method uses endpoints of human health, natural 
environmental and natural resources, that can be aggregated into a single score, based on value 
judgements and other assumptions (PRé Sustainability 2016). However, there is no Australian 
method to calculate single scores using an endpoint method. Importantly, even if there was a 
method available for Australia, the LCI would not have covered the flows needed for an endpoint 
method (e.g., toxicity flows of freshwater eco-toxicity, marine eco-toxicity, terrestrial eco-
toxicity, human toxicity).  
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In conclusion, the weighted single score results show that landfill has the lowest score, compared 
with incineration and gasification-pyrolysis. Although, endpoints methods can be used to 
determine single score, no such method exists for the Australian context. The limitations include 
the value-based judgements used to determine weighting factors, and improvement of 
completeness by including other indicators of non-LCA and LCA origins.  
 Uncertainty Analysis  
The quality of the data drives the uncertainty outcomes, for both the single and comparative 
results, presented in Section 4.8. The LCI for gasification-pyrolysis has the lowest data quality, 
shown in Table A-4, and that corresponds to high bands of uncertainty, shown in Table 4-22, for 
each of the waste management options. The comparative MC uncertainty analysis shows that 
outcomes for incineration and gasification-pyrolysis are the least conclusive. In comparative MC 
simulations, a value of 90% certainty may be used to confidently determine that one system 
outperforms another (Golsteijn 2015). Using 90% certainty as a guide, there is not enough 
confidence to determine the least preferred or most preferred outcomes comparing incineration 
and gasification-pyrolysis for CCP, EP and POP. Whereas, the outcomes of comparing landfill 
to incineration, and landfill to gasification-pyrolysis confidently show that landfill has the lowest 
AP and EP, and the highest EP and POP, compared to the thermal treatments. The confidence 
in the comparative uncertainty outcomes for landfill, reinforce the confidence of the weighted 
single score outcomes, that show landfill has the lowest score.  
The development of LCI for gasification-pyrolysis (or other advanced thermal treatment 
technologies) could greatly increase data quality and improve outcomes of comparative MC 
simulations in the future. It is unknown if research and development by not-for-profit ecoinvent 
3.1 databases (Wernet et al. 2016) is underway to expand beyond municipal and hazardous waste 
incineration. Reasons for low data quality for gasification-pyrolysis include the age of the 
publication, Hellweg (2000), and limited examples of commercial plants (Thermoselect 2006). 
The source data from Hellweg (2000), based its estimates for process emissions, transfer of 
elements to output pathways, electricity production from syngas, natural gas demand and other 
assumptions on a Thermoselect plant that operated at 4.2 tonne per hour capacity. General 
assumptions, including quantity of ancillary materials, internal transport, and process burdens 
for solid waste outputs use LCI sourced from waste incineration databases, developed by Doka 
(2013). Unless further research is conducted and published on the environmental flows from 
advanced thermal treatments, the data quality for gasification-pyrolysis will remain low for 
future studies.  
In conclusion, the MC comparative uncertainty analysis has been effective in determining the 
comparative certainty of waste management systems, in some cases. Confidence is high for all 
landfill outcomes (i.e., landfill has the lowest CCP and AP, and the highest EP and POP); and 
for the ranked order of waste management systems for AP (i.e., landfill lowest, then incineration 
and gasification-pyrolysis). However, there is less confidence determining outcomes from CCP, 
EP and POP for rankings between the incineration and gasification-pyrolysis systems. Improved 
data quality for gasification-pyrolysis LCI including environmental flows from thermal 
treatment of waste, natural gas usage, and other ancillary materials would improve confidence 
in outcomes.  
 Thermal Treatments  
Although the uncertainty analysis of the characterised results, discussed in 5.1.7, shows the 
relative performance of incineration and gasification-pyrolysis to be uncertain, comparison with 
Hellweg (2000) provides reassurance of the outcomes. In this thesis, incineration outperforms 
gasification-pyrolysis for all indicators’ potential impacts. These results have the same outcomes 
as Hellweg (2000), who conducted a comparative LCA including gasification-pyrolysis (based 
on Thermoselect), and incineration. Table 5-4, shows the results for incineration and 
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gasification-pyrolysis (based on Thermoselect for this thesis and Hellweg (2000). For AP, 
gasification-pyrolysis is 233% greater than incineration in Hellweg (2000), compared to 100% 
in this thesis. For CCP, gasification-pyrolysis is 23% greater than incineration in Hellweg 
(2000), compared to 43% in this thesis. For EP, gasification-pyrolysis is 35% greater than 
incineration in Hellweg (2000), compared to 100% in this thesis. Finally, for POP, gasification-
pyrolysis is 26% greater than incineration in Hellweg (2000), compared to 14% in this thesis. 
Table 5-4: Comparision of the results for potential impacts from thesis and Hellweg (2000) for 
the management of 1 kg of waste1 (GP = gasification-pyrolysis)  
  This thesis (baseline)  Hellweg (2000) 
Indicator  Unit  Incineration  GP  Incineration  GP 
AP  kg SO2 -eq 3.35 x 10-4  6.69 x 10-4 4.20 x 10-4 1.40 x 10-3 
CCP  kg CO2 –eq 6.00 x 10-1 8.57 x 10-1 1.30 x 100 1.60 x 100 
EP kg PO43- -eq 8.16 x 10-5 1.63 x 10-4 1.70 x 10-4 1.10 x 10-4 
POP kg C2H4 – eq  1.25 x 10-5 1.42 x 10-5 3.50 x 10-4 4.40 x 10-4 
1 Characterisation of wastes are different in their respective compositions and heating values.  
  
In addition to different regional factors, there are other differences between the approaches in 
this thesis and Hellweg (2000), that limit the direct comparability of the results. Firstly, the MSW 
in the Hellweg (2000) has a lower heating value (LHV) of 12 MJ/kg compared to 8.6 MJ/kg of 
the MRF residual waste in this thesis. Secondly, for the system boundaries Hellweg (2000) did 
not include the transport, collection and treatment of waste prior to disposal in thermal treatment. 
Finally, the temporal gap between the LCAs; the reference year of this thesis is 2014-2015, that 
is 15 years after the publication of Hellweg (2000). The Eco-Indicator 95 method used for LCIA 
in Hellweg (2000) is no longer supported (PRé Sustainability 2016). In particular, Eco-Indicator 
95 does not characterise important POP substances including carbon monoxide and sulfur 
dioxide. There are also different characterisation factors for leading substances including 
methane for CCP, and nitrogen oxide and ammonia for EP.  
Both theses conducted scenarios where the recycling of mineral residue was included and 
excluded. The licence-holder of Thermoselect, Viveria Corporation, promotes that by-products 
are reusable or recyclable (Viveria Corporation 2017). The relative differences between the 
results from the baseline and sensitivity analysis (presented in Table 4-25), and of Thermoselect 
results with and without mineral residue recycling from Hellweg (2000) are shown in Figure 
5-1. Similarly, the inclusion of mineral residue from gasification-pyrolysis does not change the 
directional outcomes for either this thesis or Hellweg (2000). The LCI in Hellweg (2000) does 
not clearly identify a recycling process for mineral residue from Thermoselect, and it is possible 
that results only represent the avoided burdens from landfill. In this thesis, the avoided product 
is inert filler that could be used in the construction industry. However, there are other by-
products already on the market as fillers. Fly-ash from coal-fired power stations is used to 
improve the performance of concrete (Cement Australia 2017). The market price for mineral 
residue is unknown, as well as whether or not the material would be cheaper or more expensive 
than other fillers. However, regardless of market applications, the recycling benefits from 
gasification-pyrolysis’ mineral residue are shown to have limited relative impact, and do not 
change the outcomes. 
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Figure 5-1: Comparing results from sensitivity analysis of gasification-pyrolysis mineral 
residue recycling and Thermoselect metals recycling in Hellweg (2000) 
In conclusion, despite some differences in approach, the outcome from Hellweg (2000), like this 
thesis, shows incineration has lower potential impacts than gasification-pyrolysis. In addition, 
both theses found that the benefits from recycling by-product, mineral residue, does not change 
the outcomes. Thermoselect is a patented gasification-pyrolysis technology, and LCA results 
from other syngas-producing thermal treatment technologies may not have the same outcomes.  
5.2 Waste Management Hierarchy 
The waste management hierarchy (WMH), in Figure 2-2, is at conflict with the outcomes of this 
thesis. As discussed in Section 5.1, landfill has the lowest potential impacts for CCP and AP, 
and weighted single score results show that landfill has the lowest score. Proponents of thermal 
treatments in Australia refer to thermal treatment of waste as resource recover rather than 
disposal; however, the outcome of this thesis contradicts those interpretations of the WMH, 
(Douglas 2014; New Energy 2016; Office of the Auditor General Western Australia 2016). 
Finnveden et al. (2005) suggests that LCA should be used to identify situations where the WMH 
is not valid. Based on this proposition, claims made about the management of residual waste in 
thermal treatments in Australia cannot be adequately addressed by the WMH, and rather should 
incorporate an LCA.  
Private companies in Australia have proposed that managing residual waste in thermal 
treatments provides environmental benefits. In 2017, Energy Australia claimed that 100,000 
tonne of residual waste treated in incineration would avoid 60,000 tonne net GHG emissions 
(CO2-eqequivalency not stated) (Energy Australia 2017). Although, the incinerator is proposed 
to be located at a coal-fired power plant in Lithgow, New South Wales (NSW), the waste is not 
planned to be co-combusted with coal. It is claimed that 1.1 MWh of electricity per tonne of 
waste can be produced (Luger 2017). That is 186% greater than the electricity credit of the 
baseline incineration system (from waste mix with average LHV of 8.6 MJ/kg), and is 23% 
greater than the electricity credit from Waste Composition 3 in the sensitivity analysis (from 
waste mix with average LHV of 20.3 MJ/kg), which is the highest of the scenarios. The refuse 
derived fuel (RDF) material has an unknown composition, besides reports it comprises of 
material such as paper, plastic, fabric and other organic matter that does not have a consistent 
composition or source (Luger 2017). To produce an electricity credit of 1.1 MWh per tonne of 
waste, it is expected that materials with high calorific value, such as plastic, would need to form 
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a substantial waste fraction. For example, in this thesis, Waste Composition 3 has a waste 
fraction of 46.8% mixed plastic (LHV of 30.8 MJ/kg). MRF residual waste from a facility in the 
Australian Capital Territory reported approximately 18.2% plastic in 2014, and 38% plastic in 
2009 (APC 2014). Therefore, it is expected that sorting or processing would be required to 
remove lower calorific materials from MRF residual waste for the RDF feedstock. Energy 
Australia did not report a number of assumptions including waste composition and the efficiency 
factor(s) to produce electricity from recovered heat. This thesis uses a gross efficiency factor of 
15.8% for electricity and 28.5% for thermal energy (sensitivity analysis only) (Doka, 2013), 
based on modern MSW incineration, from the latest version of ecoinvent 3.1 waste incineration. 
The sensitivity analysis of the incineration system with the credit from avoided natural gas 
reduces the GHG emissions by 17%. It is unknown if the proposed plant by Energy Australia 
has included avoided heat (from avoided gas or other fuel), or if the electricity is avoided directly 
from the black coal (from the adjoining power plant), or the NSW electricity grid. These details 
are important to know, proprietary or otherwise, if proponents are making environmental claims 
justified using the WMH. In the case of the Energy Australia project at Lithgow, the NSW 
Government’s Waste Avoidance and Resource Recovery Act 2001 (WARR Act) is used to 
support using thermal treatments as a recovery technology with respect the WMH (Luger 2017). 
In summary, the Energy Australia’s claim that incineration of RDF avoids 60,000 tonne of net 
GHG emissions not supported by evidence; and its accuracy questioned because it seems 
unlikely that 1.1 MWh per tonne of waste can be generated using mixed MSW fractions (average 
LHV unknown), based on energy efficiencies of modern European incinerators.  
In addition, Australian Paper have proposed a thermal treatment plant to manage 650,000 tonne 
of MSW and industrial waste at Maryvale Mill in regional Victoria, claiming to avoid 500,000 
tonne of CO2 per year (CO2-eq equivalency not stated) (Lazzaro 2017). This claim of carbon 
dioxide abatement is equivalent to -1300 kg CO2 –eq per tonne of waste, equivalent to 1900 kg 
CO2 –eq per tonne of waste less than the CCP from this thesis. Given such a large difference in 
the CCP, there may be significant differences in technological assumptions (including credits 
from avoided processes), GHG accounting methods or system boundary assumptions. Like the 
discussion for Energy Australia’s proposal, assumptions of waste composition, LHVs, energy 
recovery potential are critical in understanding environmental claims. Australian Paper’s 
proposal does benefit from Maryvale Mill’s industrial demand for steam, making recovered 
thermal energy from incineration of waste, an efficient co-product. Maryvale Mill’s steam is 
currently produced by combustion of natural gas. However, the uptake of steam is dependent on 
paper mill continuing to operate over the lifetime of the proposed thermal treatment plant. 
Another consideration is that Australian Paper used a GHG accounting method similar to CML 
2 Baseline 2000 (PRé Sustainability 2016), shown in Table 5-2, where biogenic carbon dioxide 
emitted and sequestered are not included. It is also possible burdens from collection and 
transportation of waste are not included in the system boundary. The disaggregated characterised 
results by waste material in incineration, presented in Table 4-17, show -2507 kg CO2-eq 
produced per tonne of hazardous waste. However, this credit is dependent on the energy 
recovered from light fuel oil added to combust the hazardous waste. The disaggregated 
characterised results do not show net negative CCP results for mixed plastic that has a LHV of 
30.8 MJ/kg. In summary, it appears the carbon dioxide abatement claim from Australian Paper 
has been calculated using a credit from avoided natural gas, and potentially a GHG accounting 
method that does not count biogenic carbon dioxide emitted or sequestered. Moreover, like 
Energy Australia, the validity of the number reported is questioned, and key assumption 
including MSW fractions and energy recovery potential from the process should be provided to 
verify this claim.  
Some results of the sensitivity analyses (i.e., inclusion of thermal energy credit, and changes in 
MRF residual waste composition) were shown to change the directional outcomes for AP and 
CCP. The inclusion of a credit for thermal energy avoiding natural gas changes the outcome for 
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AP; and changes in the composition of MRF residual waste change outcomes for AP and CCP, 
in some cases. With respect to the WMH being an effective tool, this reinforces the need for 
environmental claims to be considered on the basis of clearly communicated and verified 
assumptions. For example, supply and quality control of waste to thermal treatments needs to be 
considered by proponents. The quantity of MRF residual waste estimated for this thesis is 45,000 
per year, over the time period 2013 to 2014. The three thermal treatment plants in Western 
Australia (WA) managing MRF residual waste each have maximum capacities between 130,000 
– 400,000 tonne per annum (Douglas 2014; New Energy 2014, 2016). It is unknown if the 
thermal treatment plants expect to operate at their maximum capacities, or expect to import MRF 
residual waste from other Australian states or countries. The scale of operation matters because 
pressure to meet profit-targets may compromise quality controls on imported waste feedstock; 
and these considerations are important if environmental claims were based on other waste 
compositions. Sensitivity analysis on system performance with waste fractions should be 
analysed; as well as modelling for future scenarios that may be influenced by state-based 
container deposit schemes (Moore 2016; Needham 2015), and recyclate restrictions exporting 
to China (The Economist 2017). 
The conclusion from Finnveden et al. (2005) is that the WMH is considered appropriate for that 
study’s context, and argues that policy promoting incineration is generally better than policy 
promoting landfilling. Finnveden et al. (2005) used a GHG accounting method based on the 
IPCC 2nd Assessment Report (Houghton et al. 1996), which does not include biogenic carbon 
dioxide emitted or sequestered. This method is no longer supported. Finnveden et al. (2005) 
discusses that results (with waste composition of 14.8% food, 73.1% mixed paper and 12.1% 
mixed plastic) are expected to be similar to others including from C&I and C&D waste. 
However, the disaggregated characterised results by waste material, presented in Section 4.7, 
and sensitivity analysis of MRF residual waste composition, presented in 4.9.5, show the 
performance of different waste management systems are sensitive to waste composition. 
Moreover, Finnveden et al. (2005) use an economic weighting method based on taxes and fees 
associated waste management in Sweden, that are assumed to representative of the relative 
damage to the environment. Therefore, the conclusion made on the WMH from the results of 
Finnveden et al. (2005) are not appropriate for Australia.  
In conclusion, the WMH should not be used as an environmental justification for thermal 
treatments. The conclusions drawn from these analyses show it is important that proponents of 
thermal treatments should provide full disclosure of key assumptions made for environmental 
claims, even if these are preliminary estimates. In addition, older studies and those from different 
countries should not be used for policy making in Australia. The research question aimed to find 
out if the WMH was an appropriate tool for environmental waste management policy, using an 
LCA. It may be reasonable to apply the WMH for social or economic metrics, or other 
environmental indicators that represented in LCIA, such as litter and odour.  
5.3 MRF Residual Waste Composition  
The outcomes of the baseline results, using MRF residual waste composition based on APC 
(2014), show that potential impacts for AP and CCP are lowest under landfill, and EP and POP 
are lowest under incineration. The disaggregated characterised results by waste material, 
presented in Section 4.7, and sensitivity analysis for the changes in MRF residual waste 
composition, presented in Section 4.9.5 show that outcomes are in some cases sensitive to the 
chemical properties of different waste fractions for AP and CCP. The outcomes for EP and POP 
do not change regardless of the waste composition the results of this thesis are important because 
thus far estimations of waste compositions for the proposed thermal treatment plants in Australia 
are not publicly reported, nor is there evidence that sensitivity analyses were considered by the 
proponents (Douglas 2014; Energy Australia 2017; New Energy 2014, 2016).  
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The results from the sensitivity analysis shows that Waste Composition 1 and Waste 
Composition 3 treated in incineration has lower AP than in landfill. In particular, Waste 
Composition 3 managed in incineration has a net negative AP, because the credit from avoided 
electricity production is greater than the other processes in the system boundary. As discussed 
in Section 5.1.1, AP from incineration is largely due to using natural gas and electricity, but also 
benefits from avoided electricity production. The main drivers for the sensitivity analysis results 
for Waste Composition 1 and Waste Composition 3 are based on electricity production potential. 
The electricity production potential in landfill is based on methane captured from degrading 
biomass-waste materials; in incineration, it is based on the waste materials’ LHVs; in 
gasification-pyrolysis, it is based on waste materials’ transfer of elements to syngas; and all 
waste management systems assume efficiency factors to generate electricity. Mixed plastic has 
the highest LHV (30.8 MJ/kg) of the waste materials, and its treatment in incineration results in 
a net negative AP. The fraction of mixed plastic in Waste Composition 1 is 38% and Waste 
Composition 3 is 46.8%, whereas, the baseline has 18.2%.  
Waste Composition 1 and Waste Composition 3 have the same directional CCP outcomes as the 
baseline (i.e., landfill had the lowest, followed by incineration and gasification-pyrolysis). 
Whereas, the CCP from Waste Composition 2, based on data from Assamoi and Lawryshyn 
(2012), shows that treatment in incineration is lower than landfill. The disaggregated 
characterised results by waste material show that the biomass waste fractions of MRF residual 
waste (i.e., food, garden, mixed paper, nappies, natural textiles and timber) perform better in 
incineration than in landfill. The combined fraction of biomass-waste materials in Waste 
Composition 2 is 76.2%, and is considerably higher than 23.8% from the baseline, 30.8% from 
Waste Composition 1, and 41.8% from Waste Composition 3. The outcome is similar to Assamoi 
and Lawryshyn (2012) where incineration has lower CCP and AP if credits from avoided fossil 
fuel-based electricity production are included. In contrast, the EP outcome for Waste 
Composition 2 is different to Assamoi and Lawryshyn (2012), however, there are gaps in the 
LCI, discussed in Section 5.1.3 that makes comparisons between studies complicated.  
If mixed plastic were to be treated as an individual stream, the disaggregated characterised 
results indicate that it would perform best in incineration for potential impacts of AP, EP and 
POP. However, for CCP, mixed plastic performs best in landfill at 2.41 x 10-4 kg CO2, per kg, 
whereas the incineration result is at 1.03 kg CO2-eq. Electricity credits from incineration and 
time horizons for degradation in landfill are key parameters. In this thesis, even though the gross 
efficiency factor for electricity production in the incineration system is based on average MSW 
(Doka, 2013), a factor higher than 15.8% is not used for waste incineration processes of other 
plastic in ecoinvent 3.1 (Wernet et al. 2016). Additionally, MSW incineration of plastic from the 
European Life Cycle Database (ELCD) v3.0, uses a 10.9% gross efficiency factor, derived from 
LHV of 10 MJ/kg and an electricity credit of 1.09 MJ/ kg (ELCD 2013). The direct emissions 
leading to CCP from mixed plastic degrading in landfill are limited to 100 year time horizons. 
Given a longer time horizon, the carbon dioxide emitted to air from mixed plastic would be 
higher. Using an infinite time horizon, results from Finnveden et al. (2005) show that the 
degradation of PET produces greater GHG emissions in landfill than when combusted in 
incineration.  
In conclusion, the sensitivity analysis on the waste composition show that the directional 
outcomes of the characterised results are sensitive to AP and CCP. The AP sensitivity is largely 
driven by the LHV and in turn the electricity production potential of mixed plastic. The CCP 
sensitivity is largely driven by higher fractions of biomass-based waste materials, that perform 
better in incineration, than in landfill. A limitation of this thesis is that the time horizon is limited 
to 100 years. Other literature shows that given an infinite time horizon, mixed plastic may 
product more direct GHG from landfill than it would in incineration.  
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5.4 Temporal Variability  
The composition of the MRF residual waste is based on the latest report by APC (2014), an 
update from APC (2009), used for Waste Composition 1 in the sensitivity analysis. The 
operation data from the MRF and the MSW recycling transport distance are from Carre, Crossin 
and Clune (2013); there have been no other major waste studies commissioned by the Victorian 
government that could replace the data used from this report. The operational data for the landfill 
is from an LCA report by Pickin (2010); a more recent report based in Victoria has not been 
produced. The landfill system based its FOD modelling on the IPCC (2006a), a method that is 
still widely used. Estimates for initial carbon were from Barlaz (1998); although this source is 
20 years post-publication, it is still used as a contemporary data source, including for 
Commonwealth of Australia (2017b). The Commonwealth of Australia (2017b) is the latest 
National Inventory Report 2015 report that provides carbon degradation data for disposal of 
biomass in landfill. The calculations for leachate are based on transfer coefficients of waste 
fractions from a report that is still incumbent (Doka 2009). The incineration technology is based 
on the ecoinvent 3.1 database, developed from literature on commercial MSW incinerators in 
Switzerland circa 2007, and regarded as suitable proxies for modern waste incineration (Doka 
2013); these databases are still in-use and have not been updated. AusLCI Unit Processes was 
used for incineration LCI of garden, food and natural textiles (AusLCI 2015). Ancillary materials 
to the process, infrastructure, process specific burdens, internal transport and residual waste were 
based on background processes in AusLCI Unit Processes and Australasian Unit Processes 
(AusLCI, 2015, Life Cycle Strategies, 2015). AusLCI Unit Processes and Australasian Unit 
Processes have not been updated since 2015. The gasification-pyrolysis system is based on the 
Thermoselect process; using a thesis by Hellweg (2000) to calculate the LCI. There has been no 
evidence found that the Thermoselect technology has been changed since Hellweg (2000); albeit 
there is limited public information. The patent for Thermoselect is held by Viveria Corporation 
(2017) which remains an active company with several Thermoselect sites operating. Like 
incineration, the background LCI processes for gasification-pyrolysis are from AusLCI Unit 
Processes and Australasian Unit Processes (AusLCI, 2015, Life Cycle Strategies, 2015). 
5.5 Limitations  
A purpose of this research is to provide independent, evidence-based research in order to support 
government policy into alternative waste management using thermal treatment. That being said, 
major limitations to be considered are:  
• scope 
• temporal variation  
• LCI data quality  
• LCA indicators  
• technology for waste management systems.  
An important limitation to mention is that the thesis’ scope uses only an LCA methodology to 
address the research questions, although other methods exist to assess environmental impacts 
and non-environmental impacts. The characterised results of potential impacts are to be 
interpreted as midpoints, and do not measure the final damage to the environment. The outcome 
finds that the WMH is not an appropriate policy tool, based on this thesis’ scope. However, if 
that scope were expanded to include other indicators, then the outcome may be different. The 
discussion identified potential indicators such as volume of material leading to visual impacts, 
like litter in public places, or odour impacts. Additionally, expansion of the scope could consider 
economic metrics and social acceptance of the different waste management technologies. 
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A model is a simplified representation of reality, and, therefore has inherent limitations. The 
reference year of the thesis is the financial year 2013-2014, and LCI for the Victorian electricity 
grid, and composition of MRF residual waste represent that time period. However, the LCI for 
both the Victorian electricity grid and MRF residual waste need to be updated over time. In 
particular, changes in energy policy are expected to lower GHG emissions produced from 
production input mix to the national electricity market in Australia (Commonwealth of Australia, 
2016a). In addition, recent economic pressure on the recycling industry in Victoria (Mannix & 
Cuthbertson 2018) may drive MSW management changes. If being used to inform other 
Australian states, consideration should be made for the geographical differences including fuel 
requirements for collection and transportation of MSW recycling, climate zones influencing the 
decay rates of biomass in landfill, and technological co-relation of avoided electricity to the 
Victorian grid. 
Although, a data quality assessment was done as part of the LCA (i.e., a series of sensitivity 
analyses, and a MC uncertainty analysis based on the characterised results), the LCI data quality 
of this thesis is still a limitation. The development of the LCI used primary (e.g., directly 
applicable to process from industry reports), secondary (e.g., data libraries) and tertiary (e.g., 
educated estimates) data sources, for emissions associated with the waste transformation, inputs 
for infrastructure, energy use, transport, processing, ancillary materials, treatment of by-
products/residue. The background LCA database in AusLCI Unit Processes (AusLCI, 2015), 
used throughout, includes a regionalised shadow database from Europe, as research and 
development of LCI in Australia is less developed. In particular, LCI is limited for advanced 
thermal treatment processes producing syngas, such as gasification-pyrolysis. LCI based on 
tertiary data sources for gasification-pyrolysis includes the quantities of ancillary materials, 
infrastructure and processing of by-products/residues. Although gasification-pyrolysis LCI from 
secondary data sources were used for calculations of waste transformation, syngas generation, 
electricity production, energy use and other process-specific burdens, these were from a single 
source.  
The LCA uses four midpoint environmental indicators (i.e., AP, CCP, EP and POP) to represent 
global and regional-based potential impacts. However, given there is particular concern about 
toxicity from thermal treatments, this warrants the inclusion of other LCA indicators such as 
aqua eco-toxicity, sedimental eco-toxicity, terrestrial eco-toxicity and human toxicity, as was 
done in Hellweg (2000). In addition, the Australian BPIC weighting method (Bengtsson, 
Howard & Kneppers 2010) includes terrestrial eco-toxicity, and marine and freshwater eco-
toxicity indicators. For the regional-based indicators (i.e., AP, EP and POP) spacial variability 
is a limitations. The LCIA method, CML-IA Version 3.02, uses characterisation factors for 
emitted substances that have been developed based on European conditions, rather than 
Australian conditions. The background concentrations of substances are influenced by industry 
activity and population density, and therefore potential impacts for those regional-based 
indicators are likely over or under-estimated. In addition, the weighting and normalisation steps 
carry inherent limitations because of data gaps for reference values (i.e., estimated annual 
emissions of a region/country), and value-based judgements of perceived importance for 
different environmental impacts.  
To support government policy into alternative waste management, other thermal treatment 
technologies should be included for completeness. The advanced thermal treatment technology, 
gasification-pyrolysis, is a two-stage process of pyrolysis and high-temperature gasification, 
based on Thermoselect (Viveria Corporation 2017). However, there are no gasification-pyrolysis 
plants currently proposed in Australia. The two advanced thermal treatment plants in WA under 
construction are based on Entech (ENTECH 2017), a low-temperature gasification technology. 
The results from this thesis should not support or inform government policy on Entech or other 
advanced thermal treatments. Indeed, the discussion has showed inconsistencies with 
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environmental claims made by current proponents of thermal treatment technologies in Australia 
(Douglas 2014; Energy Australia 2017; New Energy 2014, 2016). The lack of LCI for advanced 
thermal treatments, including low-temperature gasification remains an issue for data quality 
going forward. It is recommended that future work include an LCA model for low-temperature 
gasification based on Entech or a similar technology.  
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6. Conclusions 
 
This thesis evaluated the environmental impacts from the alternative treatment of MRF residual 
waste in Victoria using life cycle assessment (LCA). The justification was based on recent 
interest and activities from waste and energy companies in using thermal treatment technologies, 
to manage MRF residual and other solid waste. The research questions were addressed based on 
a synthesis of answers to the original objectives proposed:  
• The development of a baseline model of existing waste management systems, including 
all inputs and outputs from transportation, reprocessing and waste treatment in landfill.  
• The development of alternative waste management systems models (including 
gasification-pyrolysis and incineration with energy recovery for electricity production) 
against the baseline model of landfill.  
• To assess and compare the environmental performance of these three waste 
management systems. 
• To undertake a sensitivity study to investigate the robustness and variability in 
environmental performance outcomes of the alternative waste management systems. 
The environmental indicators to measure potential impacts from the LCA were acidification 
potential (AP), climate change potential (CCP), eutrophication potential (EP) and photochemical 
oxidation potential (POP). With respect to the research questions: the environmental 
performance of MRF residual waste treated in landfill in comparison to thermal treatment 
alternatives in Victoria found that:  
• landfilling minimises acidifying emissions causing AP  
• landfilling minimises greenhouse gas emissions causing CCP 
• incineration treatment minimises euthrophying emissions causing EP  
• gasification-pyrolysis treatment minimises photochemical oxidation emissions 
causing POP.  
The waste management hierarchy as a tool for environmental waste management policy was 
shown not to be appropriate because: 
• landfilling has the lowest single score, regardless to the weighting method applied to 
normalised results  
• gasification-pyrolysis treatment has the highest single score, regardless to the 
weighting method applied to normalised results.  
The environmental performance of the waste management systems were sensitive to:  
• The inclusion of the thermal energy credit in the incineration system for AP, reducing 
potential impacts by 145%, and changing the directional outcome so that incineration 
was lowest, rather than landfill 
• MRF residual waste composition by substitution of Waste Composition 1 and Waste 
Composition 3 for AP, changing the directional outcome so that incineration was 
lowest, rather than landfill 
   
Thesis for Master of Engineering   125 
 
• MRF residual waste composition by substitution of Waste Composition 2 for CCP, 
changing the directional outcome so that incineration was lowest, rather than landfill. 
The environmental performance of the systems were not sensitive to:  
• The inclusion of the thermal energy credit in the incineration system for CCP, EP or 
POP 
• The exclusion of electricity credits from all systems for any of the potential impacts 
• The inclusion of the mineral residue recycling credit in the gasification-pyrolysis 
system for any potential impacts 
• GHG accounting, using the biogenic carbon dioxide neutral method for CCP  
• MRF residual waste composition for EP or POP.  
The comparative Monte Carlo uncertainty analysis found that: 
• The ranking of incineration and gasification-pyrolysis with respect to potential impacts 
for CCP, EP and POP are not conclusive.  
The limitations of the thesis include:  
• other environmental assessment methods were not used, excluding non-LCA 
indicators, such as volume of material leading to visual impacts, like litter in public 
places, or odour impacts  
• economic or social metrics did not form part of the assessment  
• reference year is the financial year 2013-2014, and LCI for the Victorian electricity 
grid, and composition of MRF residual waste represent that time period 
• regional-based indicators using characterisation factors in LCIA methods that were 
developed for European conditions  
• potential impacts greater than 100 years were not measured 
• comparison to other regions needs to consider geographical differences including fuel 
requirements for collection and transportation of MSW recycling, climate zones 
influencing the decay rates of biomass in landfill, and technological co-relation of 
avoided electricity to the Victorian grid 
• advanced thermal treatment by low-temperature gasification under construction in 
Australia was not included 
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7. Future Work 
 
There are several areas of prevailing interest that can be pursued as future work to expand the 
scope of this thesis: 
1. Thermoselect is not a technology under consideration from thermal treatment proponents 
in Australia. The gasification-pyrolysis LCA model is based on the Thermoselect process 
because of its established LCI. Therefore, an LCA model of low-temperature gasification, 
based on the Entech technology, which is approved in Western Australia, is recommended 
for future work. New Energy is currently building two plants in Western Australia using 
that technology to manage MRF residual waste.  
2. Assessment other waste feedstocks including those from MSW garbage, which is being 
proposed as a waste feedstock by Australian Paper at Maryvale Mill, Victoria, and 
Phoenix Energy in Kwinana, Western Australia.  
3. Research and development of Australian LCI for waste management systems, particularly 
for thermal treatments; and of regional-based environmental indicators using parameters 
based on Australian conditions.  
4. Inclusion of other LCA indicators for aqua eco-toxicity, sedimental eco-toxicity, terrestrial 
eco-toxicity and human toxicity that may relevant for public consultation of new thermal 
treatment plants.  
5. Assessment of policy tools, such as the waste management hierarchy, that include social 
and economic metrics, and other environmental indicators such as odour and litter 
pollution, that are not well represented by LCA.  
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Appendix A. Life Cycle Inventories 
Table A-1: LCI for major processes  
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Collection & Transport (Kerbside to 
MRF) 
1 t  Input  Sub-Inventory  
Australasian 
Unit Process 
LCI  
Car, diesel, per litre of fuel used/AU U 1.31E+01 L  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(1,1,3,1,1, 
na)  
1.11 
Transport (MRF to waste treatment)  1 t  Input  Sub-Inventory  Ecoinvent 3.1  
Transport, freight, lorry 16-32 metric ton, EURO3 (GLO)| market for | Alloc Def, 
U 
2.50E+01 tkm  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Material Recovery Facility  1 t  
Input  
Sub-Inventory  
This study  Electricity, high voltage, Vic  2.75E+01 kWh  
Carre, 
Crossin 
& Clune 
(2013) 
Uniform  (7.5, 31.3)  
Input  
Australasian 
Unit Process 
LCI  
Energy from LPG, just fuel, CO2, CH4 & N2O/AU U 3.22E+01 MJ  
Carre, 
Crossin 
& Clune 
(2013) 
Uniform  
(14.56, 
44.98) 
 
Input  
Aus LCI Unit 
Processes  
Mechanical treatment plant, WEEE scrap/GLO/I U/AusSD U 1.84E-08 p 
Carre, 
Crossin 
& Clune 
(2013) 
Unspecified   
Landfill site  1 p  Input  Sub-Inventory  
SimPro8.0.4 Occupation, traffic area, road network 9.00E+06 m2a  
Carre, 
Crossin 
& Clune 
(2013) 
Unspecified   
Australasian 
Unit Process 
LCI  
Diesel used in industrial machinery, per litre fuel/AU U 2.44E+05 L  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Gravel, crushed, at mine/CH U/AusSD U 9.12E+04 t  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Australasian 
Unit Process 
LCI  
Clay, at mine/AU U 2.05E+05 t 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Australasian 
Unit Process 
LCI  
Polyethylene, HDPE, granulate, at plant/AU U 2.19E+02 t 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Australasian 
Unit Process 
LCI  
Polyethylene, LDPE, film, at plant/AU U 2.19E+02 t 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Australasian 
Unit Process 
LCI  
Polyethylene, HDPE, granulate, at plant/AU U 1.02E+02 t 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Australasian 
Unit Process 
LCI  
Extrusion of PVC pipe/AU U 1.02E+02 t 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Ecoinvent 3.1  Transport, freight, lorry >32 metric ton, EURO3 (GLO)| market for | Alloc Def, U 2.29E+07 tkm  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Methane capture for landfill gas flaring  1 kg  Output  
Sub-Inventory  
Australasian 
Unit Process 
LCI  
Electricity landfill gas, sent out/AU U 1.00E+00 MJ  
This 
study  
   
Emission to air  This study  Carbon dioxide, biogenic 3.67E+00 kg  
This 
study  
   
Methane capture for landfill electricity 
generation  
1 kg  
Input  
Sub-Inventory  
This study  Credit for electricity production, Victoria  1.76E+01 MJ  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(1,1,1,1,1, 
na)  
1.05 
Output  
Australasian 
Unit Process 
LCI  
Electricity landfill gas, sent out/AU U 1.00E+00 MJ  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(1,1,1,1,1, 
na)  
1.05 
Output  Emission to air  This study  Carbon dioxide, biogenic 3.67E+00 kg  
This 
study  
Unspecified   
Carbon storage in landfill  1 kg  Output  
Emission to 
soil 
This study  Carbon dioxide, biogenic 3.67E+00 kg  
This 
study  
Lognormal  
(4,1,2,5,5, 
na) 
2.29 
Landfill Treatment  1 t  Input  Sub-Inventory  
This study  Electricity, high voltage, Vic  4.70E-02 kWh  
Pickin 
(2010)  
Lognormal  
(4,2,3,1,5, 
na)  
2.06 
Australasian 
Unit Process 
LCI  
Diesel used in industrial machinery, per litre fuel/AU U 1.40E+00 L  
Pickin 
(2010)  
Triangle  (1,3)   
Wastewater treatment operation  1 m3  Input  Sub-Inventory  
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 1.94E-02 tkm 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 1.28E-02 tkm 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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This study  Electricity, low voltage, Vic  2.06E-01 kWh  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Australasian 
Unit Process 
LCI  
Iron sulphate, at plant/RER U/Adapted/AU U 1.17E-02 kg  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Ecoinvent 3.1  Aluminium sulfate, powder (GLO)| market for | Alloc Def, U 3.15E-03 kg  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slurry spreading, by vacuum tanker/CH U/AusSD U 3.96E-04 m3  
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Sewer grid, class 3/CH/I U/AusSD U 2.17E-07 km 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Wastewater treatment plant, class 3/CH/I U/AusSD U 5.69E-09 p 
Carre, 
Crossin 
& Clune 
(2013) 
Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Gasification-Pyrolysis process specific 
emissions  
1 kg  Output  
Emission to air  
SimPro8.0.4 NMVOC, non-methane volatile organic compounds, unspecified origin 1.50E-05 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 Carbon dioxide 2.60E-05 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 Carbon monoxide 1.90E-05 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 Particulates, < 2.5 um 8.60E-06 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 Polychlorinated dioxins and furans 3.00E-02 ng 
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 NMVOC, non-methane volatile organic compounds, unspecified origin 1.50E-05 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 Formaldehyde 3.00E-07 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
Emission to 
water  
SimPro8.0.4 COD, Chemical Oxygen Demand 1.30E-05 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
SimPro8.0.4 AOX, Adsorbable Organic Halogen  7.00E-08 kg  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
Gasification-Pyrolysis energy use  1 kg  Input  Sub-Inventory  This study  Electricity, high voltage, Vic  5.00E-01 MJ  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
   
Thesis for Master of Engineering   137 
 
P
ro
ce
ss
  
A
m
o
u
n
t 
 
U
n
it
  
F
lo
w
 
D
ir
e
ct
io
n
  
F
lo
w
 T
y
p
e 
 
S
u
b
-
In
v
en
to
ry
 
S
o
u
rc
e
  
F
lo
w
  
F
lo
w
 
a
m
o
u
n
t 
 
U
n
it
  
F
lo
w
 
A
m
o
u
n
t 
S
o
u
rc
e
  
D
is
tr
ib
u
ti
o
n
 f
o
r 
U
n
ce
r
ta
in
ty
  
U
n
ce
r
ta
in
ty
 I
n
p
u
ts
  
U
n
ce
r
ta
in
ty
 V
a
lu
e 
 
Australasian 
Unit Process 
LCI  
Energy, from natural gas/AU U 1.90E+00 MJ  
Hellweg 
(2000)  
Lognormal  
(2,3,5,5,5, 
na) 
2.25 
Incineration energy use  1 kg  Input  Sub-Inventory  
This study  Electricity, high voltage, Vic  4.58E-01 MJ  
Doka 
(2013)  
Lognormal  
(1,3,4,4,1, 
na) 
1.22 
Australasian 
Unit Process 
LCI  
Energy, from natural gas/AU U 6.07E-01 MJ  
Doka 
(2013)  
   
High voltage electricity Victoria  1 kWh 
Input  Sub-Inventory  
SimPro8.0.4 Occupation, urban, green areas 3.98E-02 m2a  
Aus LCI 
Unit 
Processes  
   
Aus LCI Unit 
Processes  
Transmission network, electricity, high voltage/CH/I U/AusSD U 8.44E-09 km 
Aus LCI 
Unit 
Processes  
Lognormal   2 
Aus LCI Unit 
Processes  
Transmission network, long-distance/UCTE/I U/AusSD U 3.17E-10 km 
Aus LCI 
Unit 
Processes  
Lognormal   2 
This study  Electricity mix Victoria  1.04E+00 kWh  
Aus LCI 
Unit 
Processes  
   
Output  
Emission to air  
SimPro8.0.4 Ozone 4.50E-06 kg  
Aus LCI 
Unit 
Processes  
Lognormal   5 
SimPro8.0.4 Dinitrogen monoxide 5.00E-06 kg  
Aus LCI 
Unit 
Processes  
Lognormal   5 
Sub-Inventory  SimPro8.0.4 Energy losses in electricity transmission 4.30E-02 kWh  
Aus LCI 
Unit 
Processes  
   
Low voltage electricity Victoria  1 kWh  
Input  
Sub-Inventory  
This study  High voltage electricity Victoria  1.06E+00 kWh  
Aus LCI 
Unit 
Processes  
   
Input  
Aus LCI Unit 
Processes  
Sulfur hexafluoride, liquid, at plant/RER U/AusSD U 4.59E-09 kg  
Aus LCI 
Unit 
Processes  
Lognormal  (1,1,2,5,1,3) 1.129 
Input  
Aus LCI Unit 
Processes  
Distribution network, electricity, low voltage/CH/I U/AusSD U 2.94E-07 km 
Aus LCI 
Unit 
Processes  
Lognormal  (3,1,4,5,3,5) 3.1614 
Output  Emission to air  SimPro8.0.4 Sulfur hexafluoride 4.59E-09 kg  
Aus LCI 
Unit 
Processes  
Lognormal  (1,1,2,5,1,3) 1.129 
Output  Sub-Inventory  SimPro8.0.4 Energy losses in electricity distribution 5.76E-02 kWh  
Aus LCI 
Unit 
Processes  
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 Table A-2: LCI disaggregated by waste material for the landfill system for the treatment of 45,000 tonne of MRF residual waste  
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Aluminium 
landfill  
732 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
7.32E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
7.32E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
4.07E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
7.32E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
7.32E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
6.15E+02 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment  
6.15E+02 
t See expanded  See expanded    
Food in BAU 
landfill  
1537 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
1.54E+03 
t See expanded  See expanded    
See expanded  Landfill Treatment  
1.54E+03 
t See expanded  See expanded    
See expanded  Landfill Site  
8.54E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
1.54E+03 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
1.54E+03 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Sub-inventory  
See expanded  Methane capture for landfill flaring  
7.07E+00 
t Calculated  Triangle  (+-10%)  
See expanded  Methane capture for landfill electricity generation  
7.35E+01 
t Calculated  Triangle  (+-10%)  
Final waste flow  SimPro8.0.4  Waste, final, inert 
4.52E+01 
t Calculated  Unspecified    
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
3.67E+02 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
4.36E+01 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
5.86E+02 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
6.15E+02 
t See expanded  See Table    
Emission to air  
SimPro8.0.4  Methane, biogenic 
1.85E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
1.22E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
2.04E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
8.55E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
7.81E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
7.81E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.78E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
6.88E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
3.21E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Garden in 
BAU landfill  
549 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
5.49E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
5.49E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
3.05E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
5.49E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
5.49E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Sub-inventory  
See expanded  Methane capture for landfill flaring  
2.20E+00 
t Calculated  Triangle  (+-10%)  
See expanded  Methane capture for landfill electricity generation  
1.82E+01 
t Calculated  Triangle  (+-10%)  
Final waste flow  SimPro8.0.4  Waste, final, inert 
1.66E+02 
t Calculated  Unspecified    
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
1.31E+02 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
1.24E+01 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
1.94E+02 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
2.20E+02 
t See expanded  See Table    
Emission to air  
SimPro8.0.4  Methane, biogenic 
6.60E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
4.37E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  SimPro8.0.4 BOD5, Biological Oxygen Demand 
7.28E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 COD, Chemical Oxygen Demand 
3.06E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
2.79E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
2.79E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
9.96E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
2.46E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
1.15E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Glass in BAU 
landfill  
19976 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
2.00E+04 
t See expanded  See expanded    
See expanded  Landfill Treatment  
2.00E+04 
t See expanded  See expanded    
See expanded  Landfill Site  
1.11E-02 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
2.00E+04 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
2.00E+04 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Solid waste  SimPro8.0.4  Waste, final, inert 
1.96E+04 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
1.96E+04 
t See expanded  See expanded    
Hazardous in 
BAU landfill  
73 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
7.30E+01 
t See expanded  See expanded    
See expanded  Landfill Treatment  
7.30E+01 
t See expanded  See expanded    
See expanded  Landfill Site  
4.06E-05 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
7.30E+01 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
7.30E+01 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
5.48E+01 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
5.48E+01 
t See expanded  See expanded    
Emission to air  
SimPro8.0.4  Methane, fossil  
1.64E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
7.45E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
1.72E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
7.18E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
6.63E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
6.63E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
1.96E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
4.20E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
2.07E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Masonry in 
BAU landfill  
293 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
2.93E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
2.93E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
1.63E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
2.93E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
2.93E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
2.87E+02 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
2.87E+02 
t See expanded  See expanded    
Emission to air  
SimPro8.0.4  Methane, fossil  
5.74E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
5.06E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
8.44E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
3.53E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
3.24E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.24E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.78E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
2.85E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Phosphate 
2.48E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Metals in 
BAU landfill  
951 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
9.51E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
9.51E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
5.28E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
9.51E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
9.51E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
9.32E+02 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
9.32E+02 
t See expanded  See expanded    
Emission to water  SimPro8.0.4 Phosphate 
6.39E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Nappies in 
BAU landfill  
439 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
4.39E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
4.39E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
2.44E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
4.39E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
4.39E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Sub-inventory  
See expanded  Methane capture for landfill flaring  
2.50E+00 
t Calculated  Triangle  (+-10%)  
See expanded  Methane capture for landfill electricity generation  
1.66E+01 
t Calculated  Triangle  (+-10%)  
Final waste flow  SimPro8.0.4  Waste, final, inert 
2.78E+02 
t Calculated  Unspecified    
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
9.88E+01 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
1.38E+01 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
1.66E+02 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
3.29E+02 
t See expanded  See Table    
Emission to air  SimPro8.0.4  Methane, fossil  
9.87E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4  Dinitrogen monoxide 
5.14E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
1.03E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
4.31E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
3.95E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.95E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
6.41E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
2.90E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
2.54E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Steel in BAU 
landfill  
4098 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
4.10E+03 
t See expanded  See expanded    
See expanded  Landfill Treatment  
4.10E+03 
t See expanded  See expanded    
See expanded  Landfill Site  
2.28E-03 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
4.10E+03 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
4.10E+03 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
4.02E+03 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
4.02E+03 
t See expanded  See expanded    
Emission to water  SimPro8.0.4 Phosphate 
2.75E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Textiles 
natural in 
BAU landfill  
893 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
8.93E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
8.93E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
4.96E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
8.93E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
8.93E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  Sub-inventory  See expanded  Methane capture for landfill flaring  
5.09E+00 
t Calculated  Triangle  (+-10%)  
   
Thesis for Master of Engineering   144 
 
P
ro
ce
ss
  
A
m
o
u
n
t 
 
U
n
it
  
F
lo
w
 
D
ir
e
ct
io
n
  
F
lo
w
 T
y
p
e 
 
S
u
b
-
In
v
en
to
ry
 
S
o
u
rc
e
  
F
lo
w
  
F
lo
w
 
a
m
o
u
n
t 
 
U
n
it
  
F
lo
w
 
A
m
o
u
n
t 
S
o
u
rc
e
  
D
is
tr
ib
u
ti
o
n
 f
o
r 
U
n
ce
r
ta
in
ty
  
U
n
ce
r
ta
in
ty
 I
n
p
u
ts
  
U
n
ce
r
ta
in
ty
 V
a
lu
e 
 
See expanded  Methane capture for landfill electricity generation  
3.38E+01 
t Calculated  Triangle  (+-10%)  
Final waste flow  SimPro8.0.4  Waste, final, inert 
5.65E+02 
t Calculated  Unspecified    
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
2.01E+02 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
2.81E+01 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
3.37E+02 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
6.70E+02 
t See expanded  See Table    
Emission to air  
SimPro8.0.4  Methane, biogenic 
2.01E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
1.05E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
2.09E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
8.77E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
8.04E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
8.04E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
1.31E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
5.90E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
5.16E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Timber in 
BAU landfill  
549 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
5.49E+02 
t See expanded  See expanded    
See expanded  Landfill Treatment  
5.49E+02 
t See expanded  See expanded    
See expanded  Landfill Site  
3.05E-04 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
5.49E+02 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
5.49E+02 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  Sub-inventory  
See expanded  Methane capture for landfill flaring  
1.10E+00 
t Calculated  Triangle  (+-10%)  
See expanded  Methane capture for landfill electricity generation  
4.78E+00 
t Calculated  Triangle  (+-10%)  
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Final waste flow  SimPro8.0.4  Waste, final, inert 
4.12E+02 
t Calculated  Unspecified    
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
3.94E+01 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
6.97E+00 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
2.16E+02 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
4.39E+02 
t See expanded  See Table    
Emission to air  
SimPro8.0.4  Methane, biogenic 
3.51E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
2.63E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
4.39E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
1.84E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
1.69E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
1.69E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.03E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
1.48E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
2.70E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Paper, mixed 
in BAU 
landfill  
6732 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
6.73E+03 
t See expanded  See expanded    
See expanded  Landfill Treatment  
6.73E+03 
t See expanded  See expanded    
See expanded  Landfill Site  
3.74E-03 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
6.73E+03 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
6.73E+03 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Sub-inventory  
See expanded  Methane capture for landfill flaring  
6.26E+01 
t Calculated  Triangle  (+-10%)  
See expanded  Methane capture for landfill electricity generation  
4.17E+02 
t Calculated  Triangle  (+-10%)  
Final waste flow  SimPro8.0.4  Waste, final, inert 
4.66E+03 
t Calculated  Unspecified    
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Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
2.47E+03 
t Calculated  Triangle  (+-10%)  
SimPro8.0.4  Methane, biogenic 
3.46E+02 
t Calculated  Triangle  (+-10%)  
Sub-inventory  
See expanded  Carbon storage  
1.39E+03 
t Calculated  Triangle  (+-10%)  
See expanded  Wastewater treatment operation  
5.98E+03 
t See expanded  See Table    
Emission to air  
SimPro8.0.4  Methane, biogenic 
4.18E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
1.11E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 BOD5, Biological Oxygen Demand 
4.91E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
2.06E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
1.89E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
1.89E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.54E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
6.28E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
3.12E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Plastic, mixed 
in BAU 
landfill  
8180 t  
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
8.18E+03 
t See expanded  See expanded    
See expanded  Landfill Treatment  
8.18E+03 
t See expanded  See expanded    
See expanded  Landfill Site  
4.54E-03 
p See expanded  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
See expanded  Collection & Transport (Kerbside to MRF) 
8.18E+03 
t See expanded  Lognormal  
(1,1,3,1,1, 
na)  
1.11 
See expanded  Transport (MRF to waste treatment)  
8.18E+03 
t See expanded  Lognormal  
(2,2,3,1,1, 
na) 
1.13 
Output  
Final waste flow  SimPro8.0.4  Waste, final, inert 
8.02E+03 
t Calculated  Unspecified    
Sub-inventory  See expanded  Wastewater treatment operation  
8.02E+03 
t See expanded  See expanded    
Emission to air  
SimPro8.0.4  Methane, fossil  
3.21E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Dinitrogen monoxide 
9.00E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Emission to water  
 
 
 
SimPro8.0.4 BOD5, Biological Oxygen Demand 
3.83E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 COD, Chemical Oxygen Demand 
1.60E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 TOC, Total Organic Carbon 
1.48E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
1.48E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
1.26E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
5.08E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Phosphate 
0.00E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Table A-3: LCI disaggregated by waste material for the incineration system for the treatment of 45,000 tonne of MRF residual waste  
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Aluminium 
Incineratio
n  
732 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
7.32E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
7.32E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
7.32E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1  
Scrap aluminium (CH)| treatment of, municipal incineration | Alloc Def, U 
7.32E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
7.32E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
0.00E+0
0 
M
J 
Calculate
d  
See 
expanded  
  
Food 
Incineratio
n  
1537 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
1.54E+0
3 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
1.54E+0
3 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
1.54E+0
3 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Aus LCI 
Unit 
Processes  
Disposal, bio-waste, 60% H2O, to municipal incineration, allocation price/CH U/AusSD U 
1.54E+0
3 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
1.54E+0
3 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
1.24E+0
6 
M
J 
Calculate
d  
See 
expanded  
  
Garden 
Incineratio
n  
549 t  Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
5.49E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
5.49E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
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See 
expanded  
Transport (MRF to waste treatment)  
5.49E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Aus LCI 
Unit 
Processes  
Disposal, bio-waste, 60% H2O, to municipal incineration, allocation price/CH U/AusSD U 
5.49E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
5.49E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
4.44E+0
8 
M
J 
Calculate
d  
See 
expanded  
  
Glass 
Incineratio
n  
1997
6 
t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
2.00E+0
4 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
2.00E+0
4 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
2.00E+0
4 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste glass (CH)| treatment of, municipal incineration | Alloc Def, U 
2.00E+0
4 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
6.28E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
0.00E+0
0 
M
J 
Calculate
d  
See 
expanded  
  
Hazardous 
Incineratio
n  
73 t  Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
7.30E+0
1 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
7.30E+0
1 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
7.30E+0
1 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Hazardous waste, for incineration (CH)| treatment of hazardous waste, hazardous waste incineration | Alloc Def, U 
7.30E+0
1 t  
Calculate
d  
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See 
expanded  
Incineration energy use  
7.30E+0
1 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
1.25E+0
6 
M
J 
Calculate
d  
See 
expanded  
  
Masonry 
Materials 
Incineratio
n  
293 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
2.93E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
2.93E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
2.93E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste cement-fibre slab, dismantled (RoW)| treatment of waste cement-fibre slab, municipal incineration | Alloc Def, 
U 
2.93E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
6.28E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
2.34E+0
5 
M
J 
Calculate
d  
See 
expanded  
  
Metals 
Incineratio
n  
951 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
9.51E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
9.51E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
9.51E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Scrap steel (CH)| treatment of, municipal incineration | Alloc Def, U direct emissions U 
9.51E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
9.51E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
0.00E+0
0 
M
J 
Calculate
d  
See 
expanded  
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Nappies 
Incineratio
n  
439 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
4.39E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
4.39E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
4.39E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste textile, soiled (CH)| treatment of, municipal incineration | Alloc Def, U 
4.39E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
4.39E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
1.00E+0
6 
M
J 
Calculate
d  
See 
expanded  
  
Steel 
Incineratio
n  
4098 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
4.10E+0
3 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
4.10E+0
3 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
4.10E+0
3 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Scrap steel (CH)| treatment of, municipal incineration | Alloc Def, U direct emissions 
4.10E+0
3 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
4.10E+0
3 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
0.00E+0
0 
M
J 
Calculate
d  
See 
expanded  
  
Textiles 
Incineratio
n  
893 t  Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
8.93E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
8.93E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
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See 
expanded  
Transport (MRF to waste treatment)  
8.93E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Aus LCI 
Unit 
Processes  
Disposal, textiles, soiled, 25% water, to municipal incineration/CH U/AusSD U 
8.93E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
8.93E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
2.04E+0
6 
M
J 
Calculate
d  
See 
expanded  
  
Timber 
Incineratio
n  
549 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
5.49E+0
2 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
5.49E+0
2 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
5.49E+0
2 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste wood, untreated (CH)| treatment of, municipal incineration | Alloc Def, U 
5.49E+0
2 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
5.49E+0
2 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
1.22E+0
6 
M
J 
Calculate
d  
See 
expanded  
  
Mixed 
Paper 
Incineratio
n  
6732 t  Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
6.73E+0
3 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
6.73E+0
3 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
6.73E+0
3 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste paperboard (CH)| treatment of, municipal incineration | Alloc Def, U 
6.73E+0
3 t  
Calculate
d  
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See 
expanded  
Incineration energy use  
6.73E+0
3 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
1.51E+0
7 
M
J 
Calculate
d  
See 
expanded  
  
Plastic 
Incineratio
n  
 8180 t  
Input  
Sub-
inventory  
See 
expanded  
MRF Melbourne Treatment  
8.18E+0
3 t 
Calculate
d  
See 
expanded  
  
See 
expanded  
Collection & Transport (Kerbside to MRF) 
8.18E+0
3 t 
Calculate
d  
Lognormal  
(1,1,3,1,1
, na)  
1.1
1 
See 
expanded  
Transport (MRF to waste treatment)  
8.18E+0
3 t 
Calculate
d  
Lognormal  
(2,2,3,1,1
, na) 
1.1
3 
Ecoinvent 
3.1 
Waste plastic, mixture (CH)| treatment of, municipal incineration | Alloc Def, U 
8.18E+0
3 t  
Calculate
d  
   
See 
expanded  
Incineration energy use  
8.18E+0
3 t  
Calculate
d  
See 
expanded  
  
Outpu
t  
Sub-
inventory  
See 
expanded  
Credit for electricity  
3.99E+0
7 
M
J 
Calculate
d  
See 
expanded  
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Table A-4: LCI disaggregated by waste material for the gasification-pyrolysis system for the treatment of 45,000 tonne of MRF residual waste  
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Aluminium 
Gasification-
Pyrolysis  
732 t 
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
7.32E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
7.32E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
7.32E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
7.32E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
0.00E+00 
MJ Calculated     
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
4.64E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.83E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
2.06E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
7.32E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.16E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Cadmium 
2.20E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Chlorine 
4.59E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cadmium 
2.20E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Zinc 
2.12E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4  Chlorine 
6.49E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cadmium, ion 
3.40E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Food 
Gasification-
Pyrolysis  
1537 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
1.54E+03 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
1.54E+03 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
1.54E+03 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
1.54E+03 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.46E+06 
MJ Calculated  See expanded    
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Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
4.92E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
8.61E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
7.73E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
1.41E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
8.26E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
1.13E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
7.99E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
6.33E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
1.29E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
2.74E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
2.61E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
4.30E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
1.54E+03 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.44E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
1.50E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
1.50E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
9.12E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
7.01E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
4.89E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
4.03E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
1.59E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen fluoride 
3.07E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
4.24E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.61E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Sulfur 
1.08E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
1.23E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
7.99E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Bromine 
2.01E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
3.07E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
8.95E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
3.00E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.00E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
5.41E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
5.99E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
5.73E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
8.48E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
3.50E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Molybdenum 
3.93E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
8.06E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Vanadium, ion 
4.61E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Calcium, ion 
2.01E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Garden 
Gasification-
Pyrolysis  
549 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
5.49E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
5.49E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
5.49E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
5.49E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
5.23E+05 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
1.76E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
3.07E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
2.76E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
5.05E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
2.95E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
4.04E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
2.85E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
2.26E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
4.62E-05 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
9.77E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
9.33E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.54E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
5.49E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
5.13E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
5.36E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
5.36E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
3.26E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
2.50E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
1.75E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
1.44E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
5.69E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen fluoride 
1.10E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
1.52E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
5.76E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
3.87E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
4.39E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Chlorine 
2.85E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Bromine 
7.18E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
1.10E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
3.20E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
1.07E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
1.07E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
1.93E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
2.14E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
2.05E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
3.03E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.25E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Molybdenum 
1.41E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
2.88E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Vanadium, ion 
1.65E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Calcium, ion 
7.17E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Glass 
Gasification-
Pyrolysis  
19976 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
2.00E+04 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
2.00E+04 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
2.00E+04 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
2.00E+04 
t  Calculated  See expanded    
See expanded  Credit for electricity  
0.00E+00 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
7.81E+05 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
4.99E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
3.48E-02 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
5.19E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Output  
Sub-inventory  
See expanded  Process specific burdens  
2.00E+04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.06E+04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
1.08E+04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Chlorine 
5.06E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Zinc 
7.79E-05 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4  Chlorine 
3.63E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Calcium 
8.72E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Hazardous 
Gasification-
Pyrolysis  
73 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
7.30E+01 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
7.30E+01 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
7.30E+01 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
7.30E+01 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.07E+05 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Light fuel oil, burned in boiler 100kW, non-modulating/CH U/AusSD U 
4.38E+05 
MJ Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
1.49E+01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
1.38E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
3.63E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
5.41E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Calcium chloride, CaCl2, at regional storage/CH U/AusSD U 
5.57E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Hydrogen peroxide, 50% in H2O, at plant/RER U/AusSD U 
1.05E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
5.52E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
4.35E-01 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
4.82E-02 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
7.74E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium, at regional storage/RER U/AusSD U 
1.58E-05 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.58E-02 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
2.88E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
7.30E+01 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
1.67E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
1.67E+01 
t  Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, fossil 
1.11E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
3.74E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
4.96E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
3.54E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
1.40E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen fluoride 
2.84E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
2.70E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
7.56E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
1.10E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
1.08E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
9.87E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
2.70E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
2.70E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
5.40E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
1.74E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
3.64E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.64E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
5.49E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
5.26E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Chlorine 
7.08E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
1.08E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.76E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
9.27E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Masonry 
Materials 
Gasification-
Pyrolysis  
293 t 
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
2.93E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
2.93E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
2.93E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
2.93E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
4.10E+04 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
1.35E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
1.37E-06 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
5.43E-07 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
8.23E-07 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
2.45E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
1.01E+02 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
3.52E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
5.13E-07 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
1.05E-08 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
7.33E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
1.56E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
3.72E-07 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  Sub-inventory  
See expanded  Process specific burdens  
2.93E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
6.06E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
6.09E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
6.09E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, fossil 
1.55E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
1.50E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
2.00E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen oxides 
6.81E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cyanide 
2.70E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Hydrogen fluoride 
2.34E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Arsenic 
5.45E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
2.70E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
5.54E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
4.41E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
2.08E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
4.53E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
2.23E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
1.70E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
5.08E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
5.08E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.20E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
1.01E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
3.25E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
5.40E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.20E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Molybdenum 
5.60E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel 
3.15E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Antimony 
2.50E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Vanadium 
4.34E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Calcium 
2.06E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Metals 
Gasification-
Pyrolysis  
951 t 
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
9.51E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
9.51E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
9.51E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
9.51E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
0.00E+00 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
1.98E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
2.38E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
8.79E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
2.47E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
9.51E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
3.96E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
8.29E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
8.29E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Chlorine 
9.27E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Zinc 
1.92E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4  Chlorine 
6.65E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nickel 
1.00E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Antimony 
2.00E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Vanadium 
2.38E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Nappies 
Gasification-
Pyrolysis  
439 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
4.39E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
4.39E+02 
t Calculated  See expanded    
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See expanded  Transport (MRF to waste treatment)  
4.39E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
4.39E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
8.87E+05 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
3.18E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
8.43E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
6.98E-05 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
5.79E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
2.63E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
1.04E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
1.70E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
4.48E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
9.18E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.10E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
2.04E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.37E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
4.39E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.29E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
1.91E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
1.91E+01 
t  Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
5.53E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
1.02E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
1.35E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
2.04E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
8.06E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
   
Thesis for Master of Engineering   165 
 
SimPro8.0.4  Arsenic 
2.11E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
3.51E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
3.95E-10 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
3.00E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
6.22E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.02E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
4.61E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
1.82E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
1.82E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
3.03E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
1.50E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
7.33E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
7.02E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
8.58E-10 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
7.03E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Steel 
Gasification-
Pyrolysis  
4098 t Input  Sub-inventory  
This study  MRF Melbourne Treatment  
4.10E+03 
t Calculated  See expanded    
This study  Collection & Transport (Kerbside to MRF) 
4.10E+03 
t Calculated  See expanded    
This study  Transport (MRF to waste treatment)  
4.10E+03 
t Calculated  See expanded    
This study  Gasification-pyrolysis energy use  
4.10E+03 
t  Calculated  See expanded    
This study  Credit for electricity  
0.00E+00 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
8.52E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.02E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
3.79E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.07E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Output  
Sub-inventory  
See expanded  Process specific burdens  
4.10E+03 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.71E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
3.57E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
3.57E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Chlorine 
4.00E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Zinc 
8.28E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4  Chlorine 
2.87E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nickel 
4.31E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Antimony 
8.61E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Vanadium 
1.02E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Textiles 
Gasification-
Pyrolysis  
893 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
8.93E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
8.93E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
8.93E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
8.93E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.80E+06 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
6.47E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
1.71E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
1.42E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
1.18E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
5.34E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
2.13E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
3.46E+03 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
9.11E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
1.87E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
2.23E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
4.14E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
2.78E-05 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
8.93E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
2.62E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
3.88E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
3.88E+02 
t  Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
1.13E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
2.08E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
2.76E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
4.15E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
1.64E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Arsenic 
4.29E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
7.14E-08 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
8.04E-10 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
6.10E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
1.27E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
2.08E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
9.38E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
3.70E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.70E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
6.17E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
3.05E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.49E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Cadmium, ion 
1.43E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.75E-09 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
1.43E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Timber 
Gasification-
Pyrolysis  
549 t 
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
5.49E+02 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
5.49E+02 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
5.49E+02 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
5.49E+02 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.20E+06 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
2.05E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
2.09E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
8.29E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
1.26E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
3.73E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
5.25E+02 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
1.88E+02 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
7.85E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
1.60E-05 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.37E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
4.03E-06 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.94E-06 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  Sub-inventory  
See expanded  Process specific burdens  
5.49E+02 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
1.92E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
2.01E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
2.01E+01 
t  Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
8.05E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
1.10E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
1.46E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Nitrogen oxides 
3.55E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
1.40E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen fluoride 
1.22E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Arsenic 
1.85E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
2.20E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
2.63E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
3.24E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
1.08E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
2.36E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
1.16E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
9.78E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
2.64E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
2.64E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
1.62E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
5.28E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.69E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
4.40E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
5.72E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Molybdenum 
2.92E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
3.05E-07 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Calcium, ion 
4.31E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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Mixed Paper 
Gasification-
Pyrolysis  
6732 t 
Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
6.73E+03 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
6.73E+03 
t Calculated  See expanded    
See expanded  Transport (MRF to waste treatment)  
6.73E+03 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
6.73E+03 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.49E+07 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
1.56E+01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
1.29E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
4.66E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
4.99E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
3.37E+01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
3.82E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
2.92E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
3.65E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
7.47E-04 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
1.68E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
9.42E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.75E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
6.73E+03 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
5.32E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
5.66E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
5.66E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, biogenic 
9.93E+03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
1.52E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
2.01E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4  Nitrogen oxides 
1.66E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Cyanide 
6.56E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen fluoride 
1.38E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Arsenic 
1.10E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
2.24E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
1.40E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
4.45E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
5.06E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
8.40E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
1.31E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.61E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
3.27E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
3.27E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.22E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
2.46E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.15E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
4.48E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
3.05E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Molybdenum 
1.85E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
6.36E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Antimony 
4.78E-06 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Calcium, ion 
1.39E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Plastic 
Gasification-
Pyrolysis  
8180 t Input  Sub-inventory  
See expanded  MRF Melbourne Treatment  
8.18E+03 
t Calculated  See expanded    
See expanded  Collection & Transport (Kerbside to MRF) 
8.18E+03 
t Calculated  See expanded    
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See expanded  Transport (MRF to waste treatment)  
8.18E+03 
t Calculated  See expanded    
See expanded  Gasification-pyrolysis energy use  
8.18E+03 
t  Calculated  See expanded    
See expanded  Credit for electricity  
1.83E+07 
MJ Calculated  See expanded    
Aus LCI Unit 
Processes  
Sodium hydroxide, 50% in H2O, production mix, at plant/RER U/AusSD U 
1.49E+02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Iron (III) chloride, 40% in H2O, at plant/CH U/AusSD U 
9.33E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals organic, at plant/GLO U/Adapted/AU U 
2.48E+00 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chemicals inorganic, at plant/GLO U/Adapted/AU U 
4.45E-01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Cement, unspecified, at plant/CH U/AusSD U 
2.16E+01 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, freight, rail/RER U/AusSD U/Link U 
3.20E+05 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Transport, lorry 20-28t, fleet average/CH U/AusSD U/Link U 
3.56E+04 
tkm  Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Titanium dioxide, production mix, at plant/RER U/AusSD U 
7.22E-02 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Chromium oxide, flakes, at plant/RER U/AusSD U 
1.47E-03 
t Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Municipal waste incineration plant/CH/I U/AusSD 
2.05E-03 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Slag compartment/CH/I U/AusSD 
2.46E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Residual material landfill facility/CH/I U/AusSD 
1.12E-04 
p Aus LCI Unit Processes  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Output  
Sub-inventory  
See expanded  Process specific burdens  
8.18E+03 
t Hellweg (2000)  See expanded    
Aus LCI Unit 
Processes  
Process-specific burdens, slag compartment/CH U/AusSD U 
9.85E+01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Process-specific burdens, residual material landfill/CH U/AusSD U 
2.93E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Aus LCI Unit 
Processes  
Disposal, cement, hydrated, 0% water, to residual material landfill/CH U/AusSD U 
2.93E+02 
t  Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to air  
SimPro8.0.4  Carbon dioxide, fossil 
1.89E+04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Sulfur dioxide 
1.84E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4  Hydrogen sulphide 
2.45E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen oxides 
3.28E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cyanide 
1.30E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
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SimPro8.0.4 Hydrogen fluoride 
1.18E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Arsenic 
1.16E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium 
1.24E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
9.72E-05 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfur 
5.41E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrogen 
1.00E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.93E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Bromine 
1.16E-01 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Fluorine 
1.12E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Zinc 
4.27E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Emission to water  
SimPro8.0.4 TOC, Total Organic Carbon 
6.22E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 DOC, Dissolved Organic Carbon 
6.22E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Sulfate 
2.70E+00 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nitrate 
4.87E-02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Chlorine 
1.38E+02 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Cadmium, ion 
2.48E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Mercury 
2.11E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Nickel, ion 
1.57E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Antimony 
3.28E-04 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
SimPro8.0.4 Vanadium 
2.20E-03 
t Calculated  Lognormal  
(5,5,5,5,5, 
na)  
2.52 
Mineral 
Residue 
Recycling  
N/A 
Input  
(Avoided 
Process) 
Sub-Inventory 
 
Ecoinvent 3.1 Inert filler (GLO)| sand to generic market for | Alloc Def, U Equal to mineral residue  Calculated     
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Appendix B. Landfill First Order Decay Method Calculations  
 
Table B-1: Summary of the calculated landfill emissions for methane, carbon dioxide and carbon storage based on first order decay method over 100 years per from 1 tonne of each biogenic waste material  
Output  Unit  
Mixed 
Paper  Garden  Nappies  Textiles  Timber  Food  
Methane emitted (DDOC) kg CH4  50.3 22.1 30.8 30.8 12.5 27.6 
Methane emitted (landfill cap)  kg CH4 1.1 0.6 0.7 0.7 0.2 0.8 
Carbon dioxide emitted (DDOC) kg CO2  352.5 171.1 215.8 215.8 67.9 230.4 
Carbon dioxide from oxidised methane  kg CO2 15.4 6.8 9.4 9.4 3.8 8.4 
Methane for electricity production  kg CH4 61.9 33.1 37.9 37.9 8.7 47.8 
Methane for flaring only  kg CH4 9.3 4.0 5.7 5.7 2.0 4.6 
Carbon Storage (NDOC) kg C 2.9 246.9 257.0 257.0 55.2 357.1 
Carbon Storage (DOC f-1) kg C 203.8 105.9 120.0 120.0 338.7 24.3 
 
Table B-2: Mixed paper calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 7.69 5.12 14.09 3.59 1.38 0.42 0.05 0.00 3.53 0.12 8.15 
3 7.38 4.92 13.54 3.45 1.33 0.41 0.05 0.00 3.39 0.11 7.83 
4 7.09 4.73 13.01 3.31 1.28 0.39 0.05 0.00 3.26 0.11 7.52 
5 6.82 4.54 12.50 3.18 1.23 0.37 0.05 0.00 3.13 0.10 7.22 
6 6.55 4.37 12.01 3.06 1.18 0.36 0.05 0.00 3.01 0.10 6.94 
7 6.29 4.19 11.54 2.94 1.13 0.35 0.04 0.00 2.89 0.10 6.67 
8 6.05 4.03 11.08 2.82 1.09 0.33 0.04 0.00 2.78 0.09 6.41 
9 5.81 3.87 10.65 2.71 1.05 0.32 0.04 0.00 2.67 0.09 6.16 
10 5.58 3.72 10.23 2.60 1.00 0.31 0.04 0.00 2.57 0.09 5.91 
11 5.36 3.57 9.83 2.50 0.97 0.29 0.04 0.00 2.46 0.08 5.68 
12 5.15 3.43 9.44 2.40 0.93 0.28 0.04 0.00 2.37 0.08 5.46 
13 4.95 3.30 9.07 2.31 0.89 0.27 0.03 0.00 2.28 0.08 5.25 
14 4.76 3.17 8.72 2.22 0.86 0.26 0.03 0.00 2.19 0.07 5.04 
15 4.57 3.05 8.38 2.13 0.82 0.25 0.03 0.00 2.10 0.07 4.84 
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Year  DDOCm decompT CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
16 4.39 2.93 8.05 2.05 0.79 0.24 0.03 0.00 2.02 0.07 4.65 
17 4.22 2.81 7.73 1.97 0.76 0.23 0.03 0.00 1.94 0.06 4.47 
18 4.05 2.70 7.43 1.89 0.73 0.22 0.03 0.00 1.86 0.06 4.30 
19 3.89 2.60 7.14 1.82 0.70 0.21 0.03 0.00 1.79 0.06 4.13 
20 3.74 2.49 6.86 1.75 0.67 0.21 0.03 0.00 1.72 0.06 3.96 
21 3.59 2.40 6.59 1.68 0.65 0.20 0.03 0.00 1.65 0.06 3.81 
22 3.45 2.30 6.33 1.61 0.62 0.19 0.02 0.00 1.59 0.05 3.66 
23 3.32 2.21 6.08 1.55 0.60 0.18 0.02 0.00 1.53 0.05 3.52 
24 3.19 2.13 5.84 1.49 0.57 0.18 0.02 0.00 1.47 0.05 3.38 
25 3.06 2.04 5.61 1.43 0.55 0.17 0.02 0.00 1.41 0.05 3.25 
26 2.94 1.96 5.39 1.37 0.53 0.16 0.02 0.00 1.35 0.05 3.12 
27 2.83 1.88 5.18 1.32 0.51 0.16 0.02 0.00 1.30 0.04 3.00 
28 2.72 1.81 4.98 1.27 0.49 0.15 0.02 0.00 1.25 0.04 2.88 
29 2.61 1.74 4.78 1.22 0.47 0.14 0.02 0.00 1.20 0.04 2.77 
30 2.51 1.67 4.60 1.17 0.45 0.14 0.02 0.00 1.15 0.04 2.66 
31 2.41 1.61 4.42 1.12 0.43 0.13 0.02 1.11 0.00 0.04 2.55 
32 2.31 1.54 4.24 1.08 0.42 0.13 0.02 1.06 0.00 0.04 2.45 
33 2.22 1.48 4.08 1.04 0.40 0.12 0.02 1.02 0.00 0.03 2.36 
34 2.14 1.42 3.92 1.00 0.38 0.12 0.01 0.98 0.00 0.03 2.26 
35 2.05 1.37 3.76 0.96 0.37 0.11 0.01 0.94 0.00 0.03 2.18 
36 1.97 1.32 3.62 0.92 0.36 0.11 0.01 0.91 0.00 0.03 2.09 
37 1.90 1.26 3.47 0.88 0.34 0.10 0.01 0.87 0.00 0.03 2.01 
38 1.82 1.21 3.34 0.85 0.33 0.10 0.01 0.84 0.00 0.03 1.93 
39 1.75 1.17 3.21 0.82 0.31 0.10 0.01 0.80 0.00 0.03 1.85 
40 1.68 1.12 3.08 0.78 0.30 0.09 0.01 0.77 0.00 0.03 1.78 
41 1.61 1.08 2.96 0.00 0.97 0.30 0.00 0.00 0.00 0.02 1.71 
42 1.55 1.03 2.84 0.00 0.93 0.28 0.00 0.00 0.00 0.02 1.64 
43 1.49 0.99 2.73 0.00 0.89 0.27 0.00 0.00 0.00 0.02 1.58 
44 1.43 0.95 2.63 0.00 0.86 0.26 0.00 0.00 0.00 0.02 1.52 
45 1.38 0.92 2.52 0.00 0.83 0.25 0.00 0.00 0.00 0.02 1.46 
46 1.32 0.88 2.42 0.00 0.79 0.24 0.00 0.00 0.00 0.02 1.40 
47 1.27 0.85 2.33 0.00 0.76 0.23 0.00 0.00 0.00 0.02 1.35 
48 1.22 0.81 2.24 0.00 0.73 0.22 0.00 0.00 0.00 0.02 1.29 
49 1.17 0.78 2.15 0.00 0.70 0.21 0.00 0.00 0.00 0.02 1.24 
50 1.13 0.75 2.07 0.00 0.68 0.21 0.00 0.00 0.00 0.02 1.19 
51 1.08 0.72 1.98 0.00 0.65 0.20 0.00 0.00 0.00 0.02 1.15 
52 1.04 0.69 1.91 0.00 0.62 0.19 0.00 0.00 0.00 0.02 1.10 
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Year  DDOCm decompT CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
53 1.00 0.67 1.83 0.00 0.60 0.18 0.00 0.00 0.00 0.02 1.06 
54 0.96 0.64 1.76 0.00 0.58 0.18 0.00 0.00 0.00 0.01 1.02 
55 0.92 0.61 1.69 0.00 0.55 0.17 0.00 0.00 0.00 0.01 0.98 
56 0.89 0.59 1.62 0.00 0.53 0.16 0.00 0.00 0.00 0.01 0.94 
57 0.85 0.57 1.56 0.00 0.51 0.16 0.00 0.00 0.00 0.01 0.90 
58 0.82 0.55 1.50 0.00 0.49 0.15 0.00 0.00 0.00 0.01 0.87 
59 0.79 0.52 1.44 0.00 0.47 0.14 0.00 0.00 0.00 0.01 0.83 
60 0.76 0.50 1.38 0.00 0.45 0.14 0.00 0.00 0.00 0.01 0.80 
61 0.73 0.48 1.33 0.00 0.44 0.13 0.00 0.00 0.00 0.01 0.77 
62 0.70 0.46 1.28 0.00 0.42 0.13 0.00 0.00 0.00 0.01 0.74 
63 0.67 0.45 1.23 0.00 0.40 0.12 0.00 0.00 0.00 0.01 0.71 
64 0.64 0.43 1.18 0.00 0.39 0.12 0.00 0.00 0.00 0.01 0.68 
65 0.62 0.41 1.13 0.00 0.37 0.11 0.00 0.00 0.00 0.01 0.66 
66 0.59 0.40 1.09 0.00 0.36 0.11 0.00 0.00 0.00 0.01 0.63 
67 0.57 0.38 1.05 0.00 0.34 0.10 0.00 0.00 0.00 0.01 0.60 
68 0.55 0.37 1.01 0.00 0.33 0.10 0.00 0.00 0.00 0.01 0.58 
69 0.53 0.35 0.97 0.00 0.32 0.10 0.00 0.00 0.00 0.01 0.56 
70 0.51 0.34 0.93 0.00 0.30 0.09 0.00 0.00 0.00 0.01 0.54 
71 0.49 0.32 0.89 0.00 0.29 0.09 0.00 0.00 0.00 0.01 0.52 
72 0.47 0.31 0.86 0.00 0.28 0.09 0.00 0.00 0.00 0.01 0.50 
73 0.45 0.30 0.82 0.00 0.27 0.08 0.00 0.00 0.00 0.01 0.48 
74 0.43 0.29 0.79 0.00 0.26 0.08 0.00 0.00 0.00 0.01 0.46 
75 0.41 0.28 0.76 0.00 0.25 0.08 0.00 0.00 0.00 0.01 0.44 
76 0.40 0.27 0.73 0.00 0.24 0.07 0.00 0.00 0.00 0.01 0.42 
77 0.38 0.26 0.70 0.00 0.23 0.07 0.00 0.00 0.00 0.01 0.41 
78 0.37 0.25 0.67 0.00 0.22 0.07 0.00 0.00 0.00 0.01 0.39 
79 0.35 0.24 0.65 0.00 0.21 0.06 0.00 0.00 0.00 0.01 0.37 
80 0.34 0.23 0.62 0.00 0.20 0.06 0.00 0.00 0.00 0.01 0.36 
81 0.33 0.22 0.60 0.00 0.20 0.06 0.00 0.00 0.00 0.00 0.35 
82 0.31 0.21 0.57 0.00 0.19 0.06 0.00 0.00 0.00 0.00 0.33 
83 0.30 0.20 0.55 0.00 0.18 0.06 0.00 0.00 0.00 0.00 0.32 
84 0.29 0.19 0.53 0.00 0.17 0.05 0.00 0.00 0.00 0.00 0.31 
85 0.28 0.19 0.51 0.00 0.17 0.05 0.00 0.00 0.00 0.00 0.29 
86 0.27 0.18 0.49 0.00 0.16 0.05 0.00 0.00 0.00 0.00 0.28 
87 0.26 0.17 0.47 0.00 0.15 0.05 0.00 0.00 0.00 0.00 0.27 
88 0.25 0.16 0.45 0.00 0.15 0.05 0.00 0.00 0.00 0.00 0.26 
89 0.24 0.16 0.43 0.00 0.14 0.04 0.00 0.00 0.00 0.00 0.25 
   
Thesis for Master of Engineering   177 
 
Year  DDOCm decompT CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
90 0.23 0.15 0.42 0.00 0.14 0.04 0.00 0.00 0.00 0.00 0.24 
91 0.22 0.15 0.40 0.00 0.13 0.04 0.00 0.00 0.00 0.00 0.23 
92 0.21 0.14 0.38 0.00 0.13 0.04 0.00 0.00 0.00 0.00 0.22 
93 0.20 0.13 0.37 0.00 0.12 0.04 0.00 0.00 0.00 0.00 0.21 
94 0.19 0.13 0.36 0.00 0.12 0.04 0.00 0.00 0.00 0.00 0.21 
95 0.19 0.12 0.34 0.00 0.11 0.03 0.00 0.00 0.00 0.00 0.20 
96 0.18 0.12 0.33 0.00 0.11 0.03 0.00 0.00 0.00 0.00 0.19 
97 0.17 0.11 0.32 0.00 0.10 0.03 0.00 0.00 0.00 0.00 0.18 
98 0.17 0.11 0.30 0.00 0.10 0.03 0.00 0.00 0.00 0.00 0.18 
99 0.16 0.11 0.29 0.00 0.10 0.03 0.00 0.00 0.00 0.00 0.17 
100 0.15 0.10 0.28 0.00 0.09 0.03 0.00 0.00 0.00 0.00 0.16 
Total  192.26 128.18 352.48 72.25 50.34 15.38 1.08 9.31 61.85 2.94 203.78 
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Table B-3: Garden calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 4.58 3.06 8.40 2.14 0.83 0.25 0.03 0.00 2.11 12.13 5.20 
3 4.36 2.91 7.99 2.04 0.78 0.24 0.03 0.00 2.00 11.54 4.95 
4 4.15 2.77 7.60 1.94 0.75 0.23 0.03 0.00 1.91 10.97 4.71 
5 3.95 2.63 7.23 1.84 0.71 0.22 0.03 0.00 1.81 10.44 4.48 
6 3.75 2.50 6.88 1.75 0.68 0.21 0.03 0.00 1.73 9.93 4.26 
7 3.57 2.38 6.55 1.67 0.64 0.20 0.02 0.00 1.64 9.45 4.05 
8 3.40 2.26 6.23 1.58 0.61 0.19 0.02 0.00 1.56 8.99 3.85 
9 3.23 2.15 5.92 1.51 0.58 0.18 0.02 0.00 1.48 8.55 3.67 
10 3.07 2.05 5.63 1.43 0.55 0.17 0.02 0.00 1.41 8.13 3.49 
11 2.92 1.95 5.36 1.36 0.53 0.16 0.02 0.00 1.34 7.73 3.32 
12 2.78 1.85 5.10 1.30 0.50 0.15 0.02 0.00 1.28 7.36 3.16 
13 2.64 1.76 4.85 1.23 0.48 0.15 0.02 0.00 1.22 7.00 3.00 
14 2.52 1.68 4.61 1.17 0.45 0.14 0.02 0.00 1.16 6.66 2.86 
15 2.39 1.60 4.39 1.12 0.43 0.13 0.02 0.00 1.10 6.33 2.72 
16 2.28 1.52 4.17 1.06 0.41 0.13 0.02 0.00 1.05 6.02 2.58 
17 2.17 1.44 3.97 1.01 0.39 0.12 0.02 0.00 1.00 5.73 2.46 
18 2.06 1.37 3.78 0.96 0.37 0.11 0.01 0.00 0.95 5.45 2.34 
19 1.96 1.31 3.59 0.91 0.35 0.11 0.01 0.00 0.90 5.18 2.22 
20 1.86 1.24 3.42 0.87 0.34 0.10 0.01 0.00 0.86 4.93 2.12 
21 1.77 1.18 3.25 0.83 0.32 0.10 0.01 0.00 0.81 4.69 2.01 
22 1.69 1.12 3.09 0.79 0.30 0.09 0.01 0.00 0.78 4.46 1.91 
23 1.60 1.07 2.94 0.75 0.29 0.09 0.01 0.00 0.74 4.24 1.82 
24 1.53 1.02 2.80 0.71 0.27 0.08 0.01 0.00 0.70 4.04 1.73 
25 1.45 0.97 2.66 0.68 0.26 0.08 0.01 0.00 0.67 3.84 1.65 
26 1.38 0.92 2.53 0.64 0.25 0.08 0.01 0.00 0.63 3.65 1.57 
27 1.31 0.88 2.41 0.61 0.24 0.07 0.01 0.00 0.60 3.48 1.49 
28 1.25 0.83 2.29 0.58 0.22 0.07 0.01 0.00 0.57 3.31 1.42 
29 1.19 0.79 2.18 0.55 0.21 0.07 0.01 0.00 0.55 3.14 1.35 
30 1.13 0.75 2.07 0.53 0.20 0.06 0.01 0.00 0.52 2.99 1.28 
31 1.08 0.72 1.97 0.50 0.19 0.06 0.01 0.49 0.00 2.85 1.22 
32 1.02 0.68 1.88 0.48 0.18 0.06 0.01 0.47 0.00 2.71 1.16 
33 0.97 0.65 1.78 0.45 0.18 0.05 0.01 0.45 0.00 2.57 1.10 
34 0.93 0.62 1.70 0.43 0.17 0.05 0.01 0.43 0.00 2.45 1.05 
35 0.88 0.59 1.61 0.41 0.16 0.05 0.01 0.40 0.00 2.33 1.00 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
36 0.84 0.56 1.54 0.39 0.15 0.05 0.01 0.38 0.00 2.22 0.95 
37 0.80 0.53 1.46 0.37 0.14 0.04 0.01 0.37 0.00 2.11 0.90 
38 0.76 0.51 1.39 0.35 0.14 0.04 0.01 0.35 0.00 2.00 0.86 
39 0.72 0.48 1.32 0.34 0.13 0.04 0.01 0.33 0.00 1.91 0.82 
40 0.69 0.46 1.26 0.32 0.12 0.04 0.00 0.32 0.00 1.81 0.78 
41 0.65 0.43 1.20 0.00 0.39 0.12 0.00 0.00 0.00 1.73 0.74 
42 0.62 0.41 1.14 0.00 0.37 0.11 0.00 0.00 0.00 1.64 0.70 
43 0.59 0.39 1.08 0.00 0.35 0.11 0.00 0.00 0.00 1.56 0.67 
44 0.56 0.37 1.03 0.00 0.34 0.10 0.00 0.00 0.00 1.49 0.64 
45 0.53 0.36 0.98 0.00 0.32 0.10 0.00 0.00 0.00 1.41 0.61 
46 0.51 0.34 0.93 0.00 0.30 0.09 0.00 0.00 0.00 1.34 0.58 
47 0.48 0.32 0.89 0.00 0.29 0.09 0.00 0.00 0.00 1.28 0.55 
48 0.46 0.31 0.84 0.00 0.28 0.08 0.00 0.00 0.00 1.22 0.52 
49 0.44 0.29 0.80 0.00 0.26 0.08 0.00 0.00 0.00 1.16 0.50 
50 0.42 0.28 0.76 0.00 0.25 0.08 0.00 0.00 0.00 1.10 0.47 
51 0.40 0.26 0.73 0.00 0.24 0.07 0.00 0.00 0.00 1.05 0.45 
52 0.38 0.25 0.69 0.00 0.23 0.07 0.00 0.00 0.00 1.00 0.43 
53 0.36 0.24 0.66 0.00 0.21 0.07 0.00 0.00 0.00 0.95 0.41 
54 0.34 0.23 0.62 0.00 0.20 0.06 0.00 0.00 0.00 0.90 0.39 
55 0.32 0.22 0.59 0.00 0.19 0.06 0.00 0.00 0.00 0.86 0.37 
56 0.31 0.21 0.56 0.00 0.18 0.06 0.00 0.00 0.00 0.82 0.35 
57 0.29 0.20 0.54 0.00 0.18 0.05 0.00 0.00 0.00 0.78 0.33 
58 0.28 0.19 0.51 0.00 0.17 0.05 0.00 0.00 0.00 0.74 0.32 
59 0.27 0.18 0.49 0.00 0.16 0.05 0.00 0.00 0.00 0.70 0.30 
60 0.25 0.17 0.46 0.00 0.15 0.05 0.00 0.00 0.00 0.67 0.29 
61 0.24 0.16 0.44 0.00 0.14 0.04 0.00 0.00 0.00 0.63 0.27 
62 0.23 0.15 0.42 0.00 0.14 0.04 0.00 0.00 0.00 0.60 0.26 
63 0.22 0.14 0.40 0.00 0.13 0.04 0.00 0.00 0.00 0.57 0.25 
64 0.21 0.14 0.38 0.00 0.12 0.04 0.00 0.00 0.00 0.55 0.23 
65 0.20 0.13 0.36 0.00 0.12 0.04 0.00 0.00 0.00 0.52 0.22 
66 0.19 0.12 0.34 0.00 0.11 0.03 0.00 0.00 0.00 0.49 0.21 
67 0.18 0.12 0.33 0.00 0.11 0.03 0.00 0.00 0.00 0.47 0.20 
68 0.17 0.11 0.31 0.00 0.10 0.03 0.00 0.00 0.00 0.45 0.19 
69 0.16 0.11 0.29 0.00 0.10 0.03 0.00 0.00 0.00 0.43 0.18 
70 0.15 0.10 0.28 0.00 0.09 0.03 0.00 0.00 0.00 0.40 0.17 
71 0.15 0.10 0.27 0.00 0.09 0.03 0.00 0.00 0.00 0.39 0.17 
72 0.14 0.09 0.25 0.00 0.08 0.03 0.00 0.00 0.00 0.37 0.16 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
73 0.13 0.09 0.24 0.00 0.08 0.02 0.00 0.00 0.00 0.35 0.15 
74 0.13 0.08 0.23 0.00 0.08 0.02 0.00 0.00 0.00 0.33 0.14 
75 0.12 0.08 0.22 0.00 0.07 0.02 0.00 0.00 0.00 0.32 0.14 
76 0.11 0.08 0.21 0.00 0.07 0.02 0.00 0.00 0.00 0.30 0.13 
77 0.11 0.07 0.20 0.00 0.06 0.02 0.00 0.00 0.00 0.29 0.12 
78 0.10 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.27 0.12 
79 0.10 0.07 0.18 0.00 0.06 0.02 0.00 0.00 0.00 0.26 0.11 
80 0.09 0.06 0.17 0.00 0.06 0.02 0.00 0.00 0.00 0.25 0.11 
81 0.09 0.06 0.16 0.00 0.05 0.02 0.00 0.00 0.00 0.23 0.10 
82 0.08 0.06 0.15 0.00 0.05 0.02 0.00 0.00 0.00 0.22 0.10 
83 0.08 0.05 0.15 0.00 0.05 0.01 0.00 0.00 0.00 0.21 0.09 
84 0.08 0.05 0.14 0.00 0.05 0.01 0.00 0.00 0.00 0.20 0.09 
85 0.07 0.05 0.13 0.00 0.04 0.01 0.00 0.00 0.00 0.19 0.08 
86 0.07 0.05 0.13 0.00 0.04 0.01 0.00 0.00 0.00 0.18 0.08 
87 0.07 0.04 0.12 0.00 0.04 0.01 0.00 0.00 0.00 0.17 0.07 
88 0.06 0.04 0.11 0.00 0.04 0.01 0.00 0.00 0.00 0.16 0.07 
89 0.06 0.04 0.11 0.00 0.04 0.01 0.00 0.00 0.00 0.16 0.07 
90 0.06 0.04 0.10 0.00 0.03 0.01 0.00 0.00 0.00 0.15 0.06 
91 0.05 0.04 0.10 0.00 0.03 0.01 0.00 0.00 0.00 0.14 0.06 
92 0.05 0.03 0.09 0.00 0.03 0.01 0.00 0.00 0.00 0.13 0.06 
93 0.05 0.03 0.09 0.00 0.03 0.01 0.00 0.00 0.00 0.13 0.05 
94 0.05 0.03 0.08 0.00 0.03 0.01 0.00 0.00 0.00 0.12 0.05 
95 0.04 0.03 0.08 0.00 0.03 0.01 0.00 0.00 0.00 0.12 0.05 
96 0.04 0.03 0.08 0.00 0.03 0.01 0.00 0.00 0.00 0.11 0.05 
97 0.04 0.03 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.10 0.05 
98 0.04 0.03 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.10 0.04 
99 0.04 0.02 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.09 0.04 
100 0.03 0.02 0.06 0.00 0.02 0.01 0.00 0.00 0.00 0.09 0.04 
Total  93.33 62.22 171.11 37.63 22.14 6.76 0.56 3.99 33.07 246.94 105.91 
 
Table B-4: Nappies calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 4.71 3.14 8.63 2.20 0.85 0.26 0.03 0.00 2.16 10.27 4.79 
3 4.52 3.01 8.29 2.11 0.81 0.25 0.03 0.00 2.08 9.87 4.61 
4 4.34 2.90 7.96 2.03 0.78 0.24 0.03 0.00 2.00 9.48 4.43 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
5 4.17 2.78 7.65 1.95 0.75 0.23 0.03 0.00 1.92 9.11 4.25 
6 4.01 2.67 7.35 1.87 0.72 0.22 0.03 0.00 1.84 8.75 4.09 
7 3.85 2.57 7.06 1.80 0.69 0.21 0.03 0.00 1.77 8.41 3.93 
8 3.70 2.47 6.79 1.73 0.67 0.20 0.03 0.00 1.70 8.08 3.77 
9 3.56 2.37 6.52 1.66 0.64 0.20 0.02 0.00 1.63 7.76 3.62 
10 3.42 2.28 6.26 1.59 0.62 0.19 0.02 0.00 1.57 7.46 3.48 
11 3.28 2.19 6.02 1.53 0.59 0.18 0.02 0.00 1.51 7.17 3.35 
12 3.15 2.10 5.78 1.47 0.57 0.17 0.02 0.00 1.45 6.89 3.21 
13 3.03 2.02 5.56 1.41 0.55 0.17 0.02 0.00 1.39 6.62 3.09 
14 2.91 1.94 5.34 1.36 0.52 0.16 0.02 0.00 1.34 6.36 2.97 
15 2.80 1.86 5.13 1.31 0.50 0.15 0.02 0.00 1.29 6.11 2.85 
16 2.69 1.79 4.93 1.25 0.48 0.15 0.02 0.00 1.24 5.87 2.74 
17 2.58 1.72 4.73 1.21 0.46 0.14 0.02 0.00 1.19 5.64 2.63 
18 2.48 1.65 4.55 1.16 0.45 0.14 0.02 0.00 1.14 5.42 2.53 
19 2.38 1.59 4.37 1.11 0.43 0.13 0.02 0.00 1.10 5.20 2.43 
20 2.29 1.53 4.20 1.07 0.41 0.13 0.02 0.00 1.05 5.00 2.33 
21 2.20 1.47 4.03 1.03 0.40 0.12 0.02 0.00 1.01 4.80 2.24 
22 2.11 1.41 3.88 0.99 0.38 0.12 0.01 0.00 0.97 4.62 2.15 
23 2.03 1.35 3.72 0.95 0.37 0.11 0.01 0.00 0.93 4.44 2.07 
24 1.95 1.30 3.58 0.91 0.35 0.11 0.01 0.00 0.90 4.26 1.99 
25 1.88 1.25 3.44 0.88 0.34 0.10 0.01 0.00 0.86 4.09 1.91 
26 1.80 1.20 3.30 0.84 0.32 0.10 0.01 0.00 0.83 3.93 1.84 
27 1.73 1.15 3.17 0.81 0.31 0.10 0.01 0.00 0.80 3.78 1.76 
28 1.66 1.11 3.05 0.78 0.30 0.09 0.01 0.00 0.76 3.63 1.69 
29 1.60 1.07 2.93 0.75 0.29 0.09 0.01 0.00 0.73 3.49 1.63 
30 1.54 1.02 2.81 0.72 0.28 0.08 0.01 0.00 0.71 3.35 1.56 
31 1.48 0.98 2.70 0.69 0.27 0.08 0.01 0.68 0.00 3.22 1.50 
32 1.42 0.94 2.60 0.66 0.26 0.08 0.01 0.65 0.00 3.09 1.44 
33 1.36 0.91 2.50 0.64 0.25 0.07 0.01 0.63 0.00 2.97 1.39 
34 1.31 0.87 2.40 0.61 0.24 0.07 0.01 0.60 0.00 2.86 1.33 
35 1.26 0.84 2.30 0.59 0.23 0.07 0.01 0.58 0.00 2.74 1.28 
36 1.21 0.81 2.21 0.56 0.22 0.07 0.01 0.56 0.00 2.64 1.23 
37 1.16 0.77 2.13 0.54 0.21 0.06 0.01 0.53 0.00 2.53 1.18 
38 1.11 0.74 2.04 0.52 0.20 0.06 0.01 0.51 0.00 2.43 1.14 
39 1.07 0.71 1.96 0.50 0.19 0.06 0.01 0.49 0.00 2.34 1.09 
40 1.03 0.69 1.89 0.48 0.19 0.06 0.01 0.47 0.00 2.25 1.05 
41 0.99 0.66 1.81 0.00 0.59 0.18 0.00 0.00 0.00 2.16 1.01 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
42 0.95 0.63 1.74 0.00 0.57 0.17 0.00 0.00 0.00 2.07 0.97 
43 0.91 0.61 1.67 0.00 0.55 0.17 0.00 0.00 0.00 1.99 0.93 
44 0.88 0.58 1.61 0.00 0.53 0.16 0.00 0.00 0.00 1.91 0.89 
45 0.84 0.56 1.54 0.00 0.51 0.15 0.00 0.00 0.00 1.84 0.86 
46 0.81 0.54 1.48 0.00 0.49 0.15 0.00 0.00 0.00 1.77 0.82 
47 0.78 0.52 1.43 0.00 0.47 0.14 0.00 0.00 0.00 1.70 0.79 
48 0.75 0.50 1.37 0.00 0.45 0.14 0.00 0.00 0.00 1.63 0.76 
49 0.72 0.48 1.32 0.00 0.43 0.13 0.00 0.00 0.00 1.57 0.73 
50 0.69 0.46 1.26 0.00 0.41 0.13 0.00 0.00 0.00 1.51 0.70 
51 0.66 0.44 1.22 0.00 0.40 0.12 0.00 0.00 0.00 1.45 0.68 
52 0.64 0.42 1.17 0.00 0.38 0.12 0.00 0.00 0.00 1.39 0.65 
53 0.61 0.41 1.12 0.00 0.37 0.11 0.00 0.00 0.00 1.34 0.62 
54 0.59 0.39 1.08 0.00 0.35 0.11 0.00 0.00 0.00 1.28 0.60 
55 0.56 0.38 1.04 0.00 0.34 0.10 0.00 0.00 0.00 1.23 0.58 
56 0.54 0.36 0.99 0.00 0.33 0.10 0.00 0.00 0.00 1.18 0.55 
57 0.52 0.35 0.96 0.00 0.31 0.10 0.00 0.00 0.00 1.14 0.53 
58 0.50 0.33 0.92 0.00 0.30 0.09 0.00 0.00 0.00 1.09 0.51 
59 0.48 0.32 0.88 0.00 0.29 0.09 0.00 0.00 0.00 1.05 0.49 
60 0.46 0.31 0.85 0.00 0.28 0.08 0.00 0.00 0.00 1.01 0.47 
61 0.44 0.30 0.81 0.00 0.27 0.08 0.00 0.00 0.00 0.97 0.45 
62 0.43 0.28 0.78 0.00 0.26 0.08 0.00 0.00 0.00 0.93 0.43 
63 0.41 0.27 0.75 0.00 0.25 0.08 0.00 0.00 0.00 0.90 0.42 
64 0.39 0.26 0.72 0.00 0.24 0.07 0.00 0.00 0.00 0.86 0.40 
65 0.38 0.25 0.69 0.00 0.23 0.07 0.00 0.00 0.00 0.83 0.39 
66 0.36 0.24 0.67 0.00 0.22 0.07 0.00 0.00 0.00 0.79 0.37 
67 0.35 0.23 0.64 0.00 0.21 0.06 0.00 0.00 0.00 0.76 0.36 
68 0.34 0.22 0.62 0.00 0.20 0.06 0.00 0.00 0.00 0.73 0.34 
69 0.32 0.22 0.59 0.00 0.19 0.06 0.00 0.00 0.00 0.70 0.33 
70 0.31 0.21 0.57 0.00 0.19 0.06 0.00 0.00 0.00 0.68 0.32 
71 0.30 0.20 0.55 0.00 0.18 0.05 0.00 0.00 0.00 0.65 0.30 
72 0.29 0.19 0.52 0.00 0.17 0.05 0.00 0.00 0.00 0.62 0.29 
73 0.27 0.18 0.50 0.00 0.16 0.05 0.00 0.00 0.00 0.60 0.28 
74 0.26 0.18 0.48 0.00 0.16 0.05 0.00 0.00 0.00 0.58 0.27 
75 0.25 0.17 0.47 0.00 0.15 0.05 0.00 0.00 0.00 0.55 0.26 
76 0.24 0.16 0.45 0.00 0.15 0.04 0.00 0.00 0.00 0.53 0.25 
77 0.23 0.16 0.43 0.00 0.14 0.04 0.00 0.00 0.00 0.51 0.24 
78 0.23 0.15 0.41 0.00 0.14 0.04 0.00 0.00 0.00 0.49 0.23 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
79 0.22 0.14 0.40 0.00 0.13 0.04 0.00 0.00 0.00 0.47 0.22 
80 0.21 0.14 0.38 0.00 0.12 0.04 0.00 0.00 0.00 0.45 0.21 
81 0.20 0.13 0.37 0.00 0.12 0.04 0.00 0.00 0.00 0.44 0.20 
82 0.19 0.13 0.35 0.00 0.12 0.04 0.00 0.00 0.00 0.42 0.20 
83 0.18 0.12 0.34 0.00 0.11 0.03 0.00 0.00 0.00 0.40 0.19 
84 0.18 0.12 0.32 0.00 0.11 0.03 0.00 0.00 0.00 0.39 0.18 
85 0.17 0.11 0.31 0.00 0.10 0.03 0.00 0.00 0.00 0.37 0.17 
86 0.16 0.11 0.30 0.00 0.10 0.03 0.00 0.00 0.00 0.36 0.17 
87 0.16 0.10 0.29 0.00 0.09 0.03 0.00 0.00 0.00 0.34 0.16 
88 0.15 0.10 0.28 0.00 0.09 0.03 0.00 0.00 0.00 0.33 0.15 
89 0.14 0.10 0.27 0.00 0.09 0.03 0.00 0.00 0.00 0.32 0.15 
90 0.14 0.09 0.26 0.00 0.08 0.03 0.00 0.00 0.00 0.30 0.14 
91 0.13 0.09 0.25 0.00 0.08 0.02 0.00 0.00 0.00 0.29 0.14 
92 0.13 0.09 0.24 0.00 0.08 0.02 0.00 0.00 0.00 0.28 0.13 
93 0.12 0.08 0.23 0.00 0.07 0.02 0.00 0.00 0.00 0.27 0.13 
94 0.12 0.08 0.22 0.00 0.07 0.02 0.00 0.00 0.00 0.26 0.12 
95 0.11 0.08 0.21 0.00 0.07 0.02 0.00 0.00 0.00 0.25 0.12 
96 0.11 0.07 0.20 0.00 0.07 0.02 0.00 0.00 0.00 0.24 0.11 
97 0.11 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.23 0.11 
98 0.10 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.22 0.10 
99 0.10 0.06 0.18 0.00 0.06 0.02 0.00 0.00 0.00 0.21 0.10 
100 0.09 0.06 0.17 0.00 0.06 0.02 0.00 0.00 0.00 0.20 0.10 
Total  117.71 78.47 215.81 44.23 30.82 9.42 0.66 5.70 37.87 257.01 119.96 
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Table B-5: Natural textiles calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 4.71 3.14 8.63 2.20 0.85 0.26 0.03 0.00 2.16 10.27 4.79 
3 4.52 3.01 8.29 2.11 0.81 0.25 0.03 0.00 2.08 9.87 4.61 
4 4.34 2.90 7.96 2.03 0.78 0.24 0.03 0.00 2.00 9.48 4.43 
5 4.17 2.78 7.65 1.95 0.75 0.23 0.03 0.00 1.92 9.11 4.25 
6 4.01 2.67 7.35 1.87 0.72 0.22 0.03 0.00 1.84 8.75 4.09 
7 3.85 2.57 7.06 1.80 0.69 0.21 0.03 0.00 1.77 8.41 3.93 
8 3.70 2.47 6.79 1.73 0.67 0.20 0.03 0.00 1.70 8.08 3.77 
9 3.56 2.37 6.52 1.66 0.64 0.20 0.02 0.00 1.63 7.76 3.62 
10 3.42 2.28 6.26 1.59 0.62 0.19 0.02 0.00 1.57 7.46 3.48 
11 3.28 2.19 6.02 1.53 0.59 0.18 0.02 0.00 1.51 7.17 3.35 
12 3.15 2.10 5.78 1.47 0.57 0.17 0.02 0.00 1.45 6.89 3.21 
13 3.03 2.02 5.56 1.41 0.55 0.17 0.02 0.00 1.39 6.62 3.09 
14 2.91 1.94 5.34 1.36 0.52 0.16 0.02 0.00 1.34 6.36 2.97 
15 2.80 1.86 5.13 1.31 0.50 0.15 0.02 0.00 1.29 6.11 2.85 
16 2.69 1.79 4.93 1.25 0.48 0.15 0.02 0.00 1.24 5.87 2.74 
17 2.58 1.72 4.73 1.21 0.46 0.14 0.02 0.00 1.19 5.64 2.63 
18 2.48 1.65 4.55 1.16 0.45 0.14 0.02 0.00 1.14 5.42 2.53 
19 2.38 1.59 4.37 1.11 0.43 0.13 0.02 0.00 1.10 5.20 2.43 
20 2.29 1.53 4.20 1.07 0.41 0.13 0.02 0.00 1.05 5.00 2.33 
21 2.20 1.47 4.03 1.03 0.40 0.12 0.02 0.00 1.01 4.80 2.24 
22 2.11 1.41 3.88 0.99 0.38 0.12 0.01 0.00 0.97 4.62 2.15 
23 2.03 1.35 3.72 0.95 0.37 0.11 0.01 0.00 0.93 4.44 2.07 
24 1.95 1.30 3.58 0.91 0.35 0.11 0.01 0.00 0.90 4.26 1.99 
25 1.88 1.25 3.44 0.88 0.34 0.10 0.01 0.00 0.86 4.09 1.91 
26 1.80 1.20 3.30 0.84 0.32 0.10 0.01 0.00 0.83 3.93 1.84 
27 1.73 1.15 3.17 0.81 0.31 0.10 0.01 0.00 0.80 3.78 1.76 
28 1.66 1.11 3.05 0.78 0.30 0.09 0.01 0.00 0.76 3.63 1.69 
29 1.60 1.07 2.93 0.75 0.29 0.09 0.01 0.00 0.73 3.49 1.63 
30 1.54 1.02 2.81 0.72 0.28 0.08 0.01 0.00 0.71 3.35 1.56 
31 1.48 0.98 2.70 0.69 0.27 0.08 0.01 0.68 0.00 3.22 1.50 
32 1.42 0.94 2.60 0.66 0.26 0.08 0.01 0.65 0.00 3.09 1.44 
33 1.36 0.91 2.50 0.64 0.25 0.07 0.01 0.63 0.00 2.97 1.39 
34 1.31 0.87 2.40 0.61 0.24 0.07 0.01 0.60 0.00 2.86 1.33 
35 1.26 0.84 2.30 0.59 0.23 0.07 0.01 0.58 0.00 2.74 1.28 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
36 1.21 0.81 2.21 0.56 0.22 0.07 0.01 0.56 0.00 2.64 1.23 
37 1.16 0.77 2.13 0.54 0.21 0.06 0.01 0.53 0.00 2.53 1.18 
38 1.11 0.74 2.04 0.52 0.20 0.06 0.01 0.51 0.00 2.43 1.14 
39 1.07 0.71 1.96 0.50 0.19 0.06 0.01 0.49 0.00 2.34 1.09 
40 1.03 0.69 1.89 0.48 0.19 0.06 0.01 0.47 0.00 2.25 1.05 
41 0.99 0.66 1.81 0.00 0.59 0.18 0.00 0.00 0.00 2.16 1.01 
42 0.95 0.63 1.74 0.00 0.57 0.17 0.00 0.00 0.00 2.07 0.97 
43 0.91 0.61 1.67 0.00 0.55 0.17 0.00 0.00 0.00 1.99 0.93 
44 0.88 0.58 1.61 0.00 0.53 0.16 0.00 0.00 0.00 1.91 0.89 
45 0.84 0.56 1.54 0.00 0.51 0.15 0.00 0.00 0.00 1.84 0.86 
46 0.81 0.54 1.48 0.00 0.49 0.15 0.00 0.00 0.00 1.77 0.82 
47 0.78 0.52 1.43 0.00 0.47 0.14 0.00 0.00 0.00 1.70 0.79 
48 0.75 0.50 1.37 0.00 0.45 0.14 0.00 0.00 0.00 1.63 0.76 
49 0.72 0.48 1.32 0.00 0.43 0.13 0.00 0.00 0.00 1.57 0.73 
50 0.69 0.46 1.26 0.00 0.41 0.13 0.00 0.00 0.00 1.51 0.70 
51 0.66 0.44 1.22 0.00 0.40 0.12 0.00 0.00 0.00 1.45 0.68 
52 0.64 0.42 1.17 0.00 0.38 0.12 0.00 0.00 0.00 1.39 0.65 
53 0.61 0.41 1.12 0.00 0.37 0.11 0.00 0.00 0.00 1.34 0.62 
54 0.59 0.39 1.08 0.00 0.35 0.11 0.00 0.00 0.00 1.28 0.60 
55 0.56 0.38 1.04 0.00 0.34 0.10 0.00 0.00 0.00 1.23 0.58 
56 0.54 0.36 0.99 0.00 0.33 0.10 0.00 0.00 0.00 1.18 0.55 
57 0.52 0.35 0.96 0.00 0.31 0.10 0.00 0.00 0.00 1.14 0.53 
58 0.50 0.33 0.92 0.00 0.30 0.09 0.00 0.00 0.00 1.09 0.51 
59 0.48 0.32 0.88 0.00 0.29 0.09 0.00 0.00 0.00 1.05 0.49 
60 0.46 0.31 0.85 0.00 0.28 0.08 0.00 0.00 0.00 1.01 0.47 
61 0.44 0.30 0.81 0.00 0.27 0.08 0.00 0.00 0.00 0.97 0.45 
62 0.43 0.28 0.78 0.00 0.26 0.08 0.00 0.00 0.00 0.93 0.43 
63 0.41 0.27 0.75 0.00 0.25 0.08 0.00 0.00 0.00 0.90 0.42 
64 0.39 0.26 0.72 0.00 0.24 0.07 0.00 0.00 0.00 0.86 0.40 
65 0.38 0.25 0.69 0.00 0.23 0.07 0.00 0.00 0.00 0.83 0.39 
66 0.36 0.24 0.67 0.00 0.22 0.07 0.00 0.00 0.00 0.79 0.37 
67 0.35 0.23 0.64 0.00 0.21 0.06 0.00 0.00 0.00 0.76 0.36 
68 0.34 0.22 0.62 0.00 0.20 0.06 0.00 0.00 0.00 0.73 0.34 
69 0.32 0.22 0.59 0.00 0.19 0.06 0.00 0.00 0.00 0.70 0.33 
70 0.31 0.21 0.57 0.00 0.19 0.06 0.00 0.00 0.00 0.68 0.32 
71 0.30 0.20 0.55 0.00 0.18 0.05 0.00 0.00 0.00 0.65 0.30 
72 0.29 0.19 0.52 0.00 0.17 0.05 0.00 0.00 0.00 0.62 0.29 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
73 0.27 0.18 0.50 0.00 0.16 0.05 0.00 0.00 0.00 0.60 0.28 
74 0.26 0.18 0.48 0.00 0.16 0.05 0.00 0.00 0.00 0.58 0.27 
75 0.25 0.17 0.47 0.00 0.15 0.05 0.00 0.00 0.00 0.55 0.26 
76 0.24 0.16 0.45 0.00 0.15 0.04 0.00 0.00 0.00 0.53 0.25 
77 0.23 0.16 0.43 0.00 0.14 0.04 0.00 0.00 0.00 0.51 0.24 
78 0.23 0.15 0.41 0.00 0.14 0.04 0.00 0.00 0.00 0.49 0.23 
79 0.22 0.14 0.40 0.00 0.13 0.04 0.00 0.00 0.00 0.47 0.22 
80 0.21 0.14 0.38 0.00 0.12 0.04 0.00 0.00 0.00 0.45 0.21 
81 0.20 0.13 0.37 0.00 0.12 0.04 0.00 0.00 0.00 0.44 0.20 
82 0.19 0.13 0.35 0.00 0.12 0.04 0.00 0.00 0.00 0.42 0.20 
83 0.18 0.12 0.34 0.00 0.11 0.03 0.00 0.00 0.00 0.40 0.19 
84 0.18 0.12 0.32 0.00 0.11 0.03 0.00 0.00 0.00 0.39 0.18 
85 0.17 0.11 0.31 0.00 0.10 0.03 0.00 0.00 0.00 0.37 0.17 
86 0.16 0.11 0.30 0.00 0.10 0.03 0.00 0.00 0.00 0.36 0.17 
87 0.16 0.10 0.29 0.00 0.09 0.03 0.00 0.00 0.00 0.34 0.16 
88 0.15 0.10 0.28 0.00 0.09 0.03 0.00 0.00 0.00 0.33 0.15 
89 0.14 0.10 0.27 0.00 0.09 0.03 0.00 0.00 0.00 0.32 0.15 
90 0.14 0.09 0.26 0.00 0.08 0.03 0.00 0.00 0.00 0.30 0.14 
91 0.13 0.09 0.25 0.00 0.08 0.02 0.00 0.00 0.00 0.29 0.14 
92 0.13 0.09 0.24 0.00 0.08 0.02 0.00 0.00 0.00 0.28 0.13 
93 0.12 0.08 0.23 0.00 0.07 0.02 0.00 0.00 0.00 0.27 0.13 
94 0.12 0.08 0.22 0.00 0.07 0.02 0.00 0.00 0.00 0.26 0.12 
95 0.11 0.08 0.21 0.00 0.07 0.02 0.00 0.00 0.00 0.25 0.12 
96 0.11 0.07 0.20 0.00 0.07 0.02 0.00 0.00 0.00 0.24 0.11 
97 0.11 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.23 0.11 
98 0.10 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.22 0.10 
99 0.10 0.06 0.18 0.00 0.06 0.02 0.00 0.00 0.00 0.21 0.10 
100 0.09 0.06 0.17 0.00 0.06 0.02 0.00 0.00 0.00 0.20 0.10 
Total  117.71 78.47 215.81 44.23 30.82 9.42 0.66 5.70 37.87 257.01 119.96 
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Table B-6: Timber calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 
0 0 0 0 0.00 0.00 0.00 0 0 0 0 
2 
0.85 0.57 1.56 0.40 0.15 0.05 0.01 0 0.39 1.27 7.78 
3 
0.83 0.56 1.53 0.39 0.15 0.05 0.01 0 0.38 1.24 7.63 
4 
0.82 0.55 1.50 0.38 0.15 0.04 0.01 0 0.38 1.22 7.48 
5 
0.80 0.53 1.47 0.37 0.14 0.04 0.01 0 0.37 1.19 7.33 
6 
0.79 0.52 1.44 0.37 0.14 0.04 0.01 0 0.36 1.17 7.18 
7 
0.77 0.51 1.41 0.36 0.14 0.04 0.01 0 0.35 1.15 7.04 
8 
0.76 0.50 1.38 0.35 0.14 0.04 0.01 0 0.35 1.12 6.90 
9 
0.74 0.49 1.36 0.35 0.13 0.04 0.01 0 0.34 1.10 6.76 
10 
0.73 0.48 1.33 0.34 0.13 0.04 0.01 0 0.33 1.08 6.63 
11 
0.71 0.47 1.30 0.33 0.13 0.04 0.00 0 0.33 1.06 6.50 
12 
0.70 0.46 1.28 0.33 0.13 0.04 0.00 0 0.32 1.04 6.37 
13 
0.68 0.46 1.25 0.32 0.12 0.04 0.00 0 0.31 1.02 6.24 
14 
0.67 0.45 1.23 0.31 0.12 0.04 0.00 0 0.31 1.00 6.12 
15 
0.66 0.44 1.20 0.31 0.12 0.04 0.00 0 0.30 0.98 6.00 
16 
0.64 0.43 1.18 0.30 0.12 0.04 0.00 0 0.30 0.96 5.88 
17 
0.63 0.42 1.16 0.29 0.11 0.03 0.00 0 0.29 0.94 5.76 
18 
0.62 0.41 1.13 0.29 0.11 0.03 0.00 0 0.28 0.92 5.65 
19 
0.61 0.40 1.11 0.28 0.11 0.03 0.00 0 0.28 0.90 5.54 
20 
0.59 0.40 1.09 0.28 0.11 0.03 0.00 0 0.27 0.88 5.43 
21 
0.58 0.39 1.07 0.27 0.10 0.03 0.00 0 0.27 0.87 5.32 
22 
0.57 0.38 1.05 0.27 0.10 0.03 0.00 0 0.26 0.85 5.22 
23 
0.56 0.37 1.03 0.26 0.10 0.03 0.00 0 0.26 0.83 5.11 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
24 
0.55 0.37 1.01 0.26 0.10 0.03 0.00 0 0.25 0.82 5.01 
25 
0.54 0.36 0.99 0.25 0.10 0.03 0.00 0 0.25 0.80 4.91 
26 
0.53 0.35 0.97 0.25 0.09 0.03 0.00 0 0.24 0.78 4.81 
27 
0.52 0.34 0.95 0.24 0.09 0.03 0.00 0 0.24 0.77 4.72 
28 
0.51 0.34 0.93 0.24 0.09 0.03 0.00 0 0.23 0.75 4.63 
29 
0.50 0.33 0.91 0.23 0.09 0.03 0.00 0 0.23 0.74 4.53 
30 
0.49 0.32 0.89 0.23 0.09 0.03 0.00 0 0.22 0.72 4.44 
31 
0.48 0.32 0.87 0.22 0.09 0.03 0.00 0.22 0 0.71 4.36 
32 
0.47 0.31 0.86 0.22 0.08 0.03 0.00 0.21 0 0.70 4.27 
33 
0.46 0.31 0.84 0.21 0.08 0.03 0.00 0.21 0 0.68 4.19 
34 
0.45 0.30 0.82 0.21 0.08 0.02 0.00 0.21 0 0.67 4.10 
35 
0.44 0.29 0.81 0.21 0.08 0.02 0.00 0.20 0 0.65 4.02 
36 
0.43 0.29 0.79 0.20 0.08 0.02 0.00 0.20 0 0.64 3.94 
37 
0.42 0.28 0.78 0.20 0.08 0.02 0.00 0.19 0 0.63 3.86 
38 
0.41 0.28 0.76 0.19 0.07 0.02 0.00 0.19 0 0.62 3.79 
39 
0.41 0.27 0.74 0.19 0.07 0.02 0.00 0.19 0 0.60 3.71 
40 
0.40 0.27 0.73 0.19 0.07 0.02 0.00 0.18 0 0.59 3.64 
41 
0.39 0.26 0.72 0 0.23 0.07 0 0 0 0.58 3.57 
42 
0.38 0.26 0.70 0 0.23 0.07 0 0 0 0.57 3.50 
43 
0.38 0.25 0.69 0 0.23 0.07 0 0 0 0.56 3.43 
44 
0.37 0.25 0.67 0 0.22 0.07 0 0 0 0.55 3.36 
45 
0.36 0.24 0.66 0 0.22 0.07 0 0 0 0.54 3.29 
46 
0.35 0.24 0.65 0 0.21 0.06 0 0 0 0.53 3.23 
47 
0.35 0.23 0.63 0 0.21 0.06 0 0 0 0.52 3.16 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
48 
0.34 0.23 0.62 0 0.20 0.06 0 0 0 0.51 3.10 
49 
0.33 0.22 0.61 0 0.20 0.06 0 0 0 0.50 3.04 
50 
0.33 0.22 0.60 0 0.20 0.06 0 0 0 0.49 2.98 
51 
0.32 0.21 0.59 0 0.19 0.06 0 0 0 0.48 2.92 
52 
0.31 0.21 0.57 0 0.19 0.06 0 0 0 0.47 2.86 
53 
0.31 0.20 0.56 0 0.18 0.06 0 0 0 0.46 2.81 
54 
0.30 0.20 0.55 0 0.18 0.06 0 0 0 0.45 2.75 
55 
0.29 0.20 0.54 0 0.18 0.05 0 0 0 0.44 2.70 
56 
0.29 0.19 0.53 0 0.17 0.05 0 0 0 0.43 2.64 
57 
0.28 0.19 0.52 0 0.17 0.05 0 0 0 0.42 2.59 
58 
0.28 0.19 0.51 0 0.17 0.05 0 0 0 0.41 2.54 
59 
0.27 0.18 0.50 0 0.16 0.05 0 0 0 0.41 2.49 
60 
0.27 0.18 0.49 0 0.16 0.05 0 0 0 0.40 2.44 
61 
0.26 0.17 0.48 0 0.16 0.05 0 0 0 0.39 2.39 
62 
0.26 0.17 0.47 0 0.15 0.05 0 0 0 0.38 2.34 
63 
0.25 0.17 0.46 0 0.15 0.05 0 0 0 0.37 2.30 
64 
0.25 0.16 0.45 0 0.15 0.05 0 0 0 0.37 2.25 
65 
0.24 0.16 0.44 0 0.14 0.04 0 0 0 0.36 2.21 
66 
0.24 0.16 0.43 0 0.14 0.04 0 0 0 0.35 2.16 
67 
0.23 0.15 0.43 0 0.14 0.04 0 0 0 0.35 2.12 
68 
0.23 0.15 0.42 0 0.14 0.04 0 0 0 0.34 2.08 
69 
0.22 0.15 0.41 0 0.13 0.04 0 0 0 0.33 2.04 
70 
0.22 0.15 0.40 0 0.13 0.04 0 0 0 0.33 2.00 
71 
0.21 0.14 0.39 0 0.13 0.04 0 0 0 0.32 1.96 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
72 
0.21 0.14 0.38 0 0.13 0.04 0 0 0 0.31 1.92 
73 
0.21 0.14 0.38 0 0.12 0.04 0 0 0 0.31 1.88 
74 
0.20 0.13 0.37 0 0.12 0.04 0 0 0 0.30 1.84 
75 
0.20 0.13 0.36 0 0.12 0.04 0 0 0 0.29 1.81 
76 
0.19 0.13 0.36 0 0.12 0.04 0 0 0 0.29 1.77 
77 
0.19 0.13 0.35 0 0.11 0.03 0 0 0 0.28 1.74 
78 
0.19 0.12 0.34 0 0.11 0.03 0 0 0 0.28 1.70 
79 
0.18 0.12 0.33 0 0.11 0.03 0 0 0 0.27 1.67 
80 
0.18 0.12 0.33 0 0.11 0.03 0 0 0 0.27 1.64 
81 
0.18 0.12 0.32 0 0.11 0.03 0 0 0 0.26 1.60 
82 
0.17 0.11 0.32 0 0.10 0.03 0 0 0 0.26 1.57 
83 
0.17 0.11 0.31 0 0.10 0.03 0 0 0 0.25 1.54 
84 
0.17 0.11 0.30 0 0.10 0.03 0 0 0 0.25 1.51 
85 
0.16 0.11 0.30 0 0.10 0.03 0 0 0 0.24 1.48 
86 
0.16 0.11 0.29 0 0.10 0.03 0 0 0 0.24 1.45 
87 
0.16 0.10 0.29 0 0.09 0.03 0 0 0 0.23 1.42 
88 
0.15 0.10 0.28 0 0.09 0.03 0 0 0 0.23 1.39 
89 
0.15 0.10 0.27 0 0.09 0.03 0 0 0 0.22 1.37 
90 
0.15 0.10 0.27 0 0.09 0.03 0 0 0 0.22 1.34 
91 
0.14 0.10 0.26 0 0.09 0.03 0 0 0 0.21 1.31 
92 
0.14 0.09 0.26 0 0.08 0.03 0 0 0 0.21 1.29 
93 
0.14 0.09 0.25 0 0.08 0.03 0 0 0 0.21 1.26 
94 
0.14 0.09 0.25 0 0.08 0.02 0 0 0 0.20 1.24 
95 
0.13 0.09 0.24 0 0.08 0.02 0 0 0 0.20 1.21 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
96 
0.13 0.09 0.24 0 0.08 0.02 0 0 0 0.19 1.19 
97 
0.13 0.08 0.23 0 0.08 0.02 0 0 0 0.19 1.16 
98 
0.12 0.08 0.23 0 0.07 0.02 0 0 0 0.19 1.14 
99 
0.12 0.08 0.22 0 0.07 0.02 0 0 0 0.18 1.12 
100 
0.12 0.08 0.22 0 0.07 0.02 0 0 0 0.18 1.10 
Total 37.1 24.7 67.9 10.9 12.5 3.8 0.16 2.0 8.69 55.1 338.6 
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Table B-7: Food calculated landfill emissions and outputs based on first order decay method 1000 kg over 100 years, kg  
Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 7.34 4.89 13.45 3.42 1.32 0.40 0.05 0.00 3.37 20.85 1.42 
3 6.91 4.61 12.67 3.22 1.24 0.38 0.05 0.00 3.18 19.63 1.33 
4 6.51 4.34 11.93 3.04 1.17 0.36 0.05 0.00 2.99 18.49 1.26 
5 6.13 4.09 11.24 2.86 1.10 0.34 0.04 0.00 2.82 17.41 1.18 
6 5.77 3.85 10.58 2.69 1.04 0.32 0.04 0.00 2.65 16.40 1.11 
7 5.44 3.62 9.97 2.54 0.98 0.30 0.04 0.00 2.50 15.44 1.05 
8 5.12 3.41 9.39 2.39 0.92 0.28 0.04 0.00 2.35 14.55 0.99 
9 4.82 3.21 8.84 2.25 0.87 0.27 0.03 0.00 2.22 13.70 0.93 
10 4.54 3.03 8.32 2.12 0.82 0.25 0.03 0.00 2.09 12.90 0.88 
11 4.28 2.85 7.84 2.00 0.77 0.24 0.03 0.00 1.97 12.15 0.83 
12 4.03 2.68 7.38 1.88 0.72 0.22 0.03 0.00 1.85 11.44 0.78 
13 3.79 2.53 6.95 1.77 0.68 0.21 0.03 0.00 1.74 10.78 0.73 
14 3.57 2.38 6.55 1.67 0.64 0.20 0.03 0.00 1.64 10.15 0.69 
15 3.36 2.24 6.17 1.57 0.61 0.18 0.02 0.00 1.55 9.56 0.65 
16 3.17 2.11 5.81 1.48 0.57 0.17 0.02 0.00 1.46 9.00 0.61 
17 2.98 1.99 5.47 1.39 0.54 0.16 0.02 0.00 1.37 8.48 0.58 
18 2.81 1.87 5.15 1.31 0.51 0.15 0.02 0.00 1.29 7.98 0.54 
19 2.65 1.76 4.85 1.23 0.48 0.15 0.02 0.00 1.22 7.52 0.51 
20 2.49 1.66 4.57 1.16 0.45 0.14 0.02 0.00 1.15 7.08 0.48 
21 2.35 1.56 4.30 1.10 0.42 0.13 0.02 0.00 1.08 6.67 0.45 
22 2.21 1.47 4.05 1.03 0.40 0.12 0.02 0.00 1.02 6.28 0.43 
23 2.08 1.39 3.82 0.97 0.37 0.11 0.01 0.00 0.96 5.91 0.40 
24 1.96 1.31 3.59 0.91 0.35 0.11 0.01 0.00 0.90 5.57 0.38 
25 1.85 1.23 3.38 0.86 0.33 0.10 0.01 0.00 0.85 5.24 0.36 
26 1.74 1.16 3.19 0.81 0.31 0.10 0.01 0.00 0.80 4.94 0.34 
27 1.64 1.09 3.00 0.76 0.29 0.09 0.01 0.00 0.75 4.65 0.32 
28 1.54 1.03 2.83 0.72 0.28 0.08 0.01 0.00 0.71 4.38 0.30 
29 1.45 0.97 2.66 0.68 0.26 0.08 0.01 0.00 0.67 4.13 0.28 
30 1.37 0.91 2.51 0.64 0.25 0.08 0.01 0.00 0.63 3.89 0.26 
31 1.29 0.86 2.36 0.60 0.23 0.07 0.01 0.59 0.00 3.66 0.25 
32 1.21 0.81 2.22 0.57 0.22 0.07 0.01 0.56 0.00 3.45 0.23 
33 1.14 0.76 2.09 0.53 0.21 0.06 0.01 0.53 0.00 3.25 0.22 
34 1.08 0.72 1.97 0.50 0.19 0.06 0.01 0.49 0.00 3.06 0.21 
35 1.01 0.68 1.86 0.47 0.18 0.06 0.01 0.47 0.00 2.88 0.20 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
36 0.95 0.64 1.75 0.45 0.17 0.05 0.01 0.44 0.00 2.71 0.18 
37 0.90 0.60 1.65 0.42 0.16 0.05 0.01 0.41 0.00 2.55 0.17 
38 0.85 0.56 1.55 0.39 0.15 0.05 0.01 0.39 0.00 2.40 0.16 
39 0.80 0.53 1.46 0.37 0.14 0.04 0.01 0.37 0.00 2.26 0.15 
40 0.75 0.50 1.38 0.35 0.14 0.04 0.01 0.34 0.00 2.13 0.14 
41 0.71 0.47 1.30 0.00 0.42 0.13 0.00 0.00 0.00 2.01 0.14 
42 0.67 0.44 1.22 0.00 0.40 0.12 0.00 0.00 0.00 1.89 0.13 
43 0.63 0.42 1.15 0.00 0.38 0.11 0.00 0.00 0.00 1.78 0.12 
44 0.59 0.39 1.08 0.00 0.35 0.11 0.00 0.00 0.00 1.68 0.11 
45 0.56 0.37 1.02 0.00 0.33 0.10 0.00 0.00 0.00 1.58 0.11 
46 0.52 0.35 0.96 0.00 0.31 0.10 0.00 0.00 0.00 1.49 0.10 
47 0.49 0.33 0.90 0.00 0.30 0.09 0.00 0.00 0.00 1.40 0.10 
48 0.46 0.31 0.85 0.00 0.28 0.09 0.00 0.00 0.00 1.32 0.09 
49 0.44 0.29 0.80 0.00 0.26 0.08 0.00 0.00 0.00 1.24 0.08 
50 0.41 0.27 0.76 0.00 0.25 0.08 0.00 0.00 0.00 1.17 0.08 
51 0.39 0.26 0.71 0.00 0.23 0.07 0.00 0.00 0.00 1.10 0.07 
52 0.37 0.24 0.67 0.00 0.22 0.07 0.00 0.00 0.00 1.04 0.07 
53 0.34 0.23 0.63 0.00 0.21 0.06 0.00 0.00 0.00 0.98 0.07 
54 0.32 0.22 0.59 0.00 0.19 0.06 0.00 0.00 0.00 0.92 0.06 
55 0.31 0.20 0.56 0.00 0.18 0.06 0.00 0.00 0.00 0.87 0.06 
56 0.29 0.19 0.53 0.00 0.17 0.05 0.00 0.00 0.00 0.82 0.06 
57 0.27 0.18 0.50 0.00 0.16 0.05 0.00 0.00 0.00 0.77 0.05 
58 0.25 0.17 0.47 0.00 0.15 0.05 0.00 0.00 0.00 0.72 0.05 
59 0.24 0.16 0.44 0.00 0.14 0.04 0.00 0.00 0.00 0.68 0.05 
60 0.23 0.15 0.41 0.00 0.14 0.04 0.00 0.00 0.00 0.64 0.04 
61 0.21 0.14 0.39 0.00 0.13 0.04 0.00 0.00 0.00 0.60 0.04 
62 0.20 0.13 0.37 0.00 0.12 0.04 0.00 0.00 0.00 0.57 0.04 
63 0.19 0.13 0.35 0.00 0.11 0.03 0.00 0.00 0.00 0.54 0.04 
64 0.18 0.12 0.33 0.00 0.11 0.03 0.00 0.00 0.00 0.51 0.03 
65 0.17 0.11 0.31 0.00 0.10 0.03 0.00 0.00 0.00 0.48 0.03 
66 0.16 0.11 0.29 0.00 0.09 0.03 0.00 0.00 0.00 0.45 0.03 
67 0.15 0.10 0.27 0.00 0.09 0.03 0.00 0.00 0.00 0.42 0.03 
68 0.14 0.09 0.26 0.00 0.08 0.03 0.00 0.00 0.00 0.40 0.03 
69 0.13 0.09 0.24 0.00 0.08 0.02 0.00 0.00 0.00 0.37 0.03 
70 0.12 0.08 0.23 0.00 0.07 0.02 0.00 0.00 0.00 0.35 0.02 
71 0.12 0.08 0.21 0.00 0.07 0.02 0.00 0.00 0.00 0.33 0.02 
72 0.11 0.07 0.20 0.00 0.07 0.02 0.00 0.00 0.00 0.31 0.02 
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Year  DDOCm decompT  CH4 generatedT  CO2 generatedT  CH4 capturedT CH4 not captured (CH4)T CH4 not captured (CO2)T CH4 emit.capT CH4 flaringT CH4 elec.gen.T C storage(NDOC)T C storage(DOC(f-1))T 
73 0.10 0.07 0.19 0.00 0.06 0.02 0.00 0.00 0.00 0.29 0.02 
74 0.10 0.07 0.18 0.00 0.06 0.02 0.00 0.00 0.00 0.28 0.02 
75 0.09 0.06 0.17 0.00 0.06 0.02 0.00 0.00 0.00 0.26 0.02 
76 0.09 0.06 0.16 0.00 0.05 0.02 0.00 0.00 0.00 0.25 0.02 
77 0.08 0.05 0.15 0.00 0.05 0.01 0.00 0.00 0.00 0.23 0.02 
78 0.08 0.05 0.14 0.00 0.05 0.01 0.00 0.00 0.00 0.22 0.01 
79 0.07 0.05 0.13 0.00 0.04 0.01 0.00 0.00 0.00 0.21 0.01 
80 0.07 0.05 0.12 0.00 0.04 0.01 0.00 0.00 0.00 0.19 0.01 
81 0.06 0.04 0.12 0.00 0.04 0.01 0.00 0.00 0.00 0.18 0.01 
82 0.06 0.04 0.11 0.00 0.04 0.01 0.00 0.00 0.00 0.17 0.01 
83 0.06 0.04 0.10 0.00 0.03 0.01 0.00 0.00 0.00 0.16 0.01 
84 0.05 0.04 0.10 0.00 0.03 0.01 0.00 0.00 0.00 0.15 0.01 
85 0.05 0.03 0.09 0.00 0.03 0.01 0.00 0.00 0.00 0.14 0.01 
86 0.05 0.03 0.09 0.00 0.03 0.01 0.00 0.00 0.00 0.13 0.01 
87 0.04 0.03 0.08 0.00 0.03 0.01 0.00 0.00 0.00 0.13 0.01 
88 0.04 0.03 0.08 0.00 0.03 0.01 0.00 0.00 0.00 0.12 0.01 
89 0.04 0.03 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.11 0.01 
90 0.04 0.02 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.11 0.01 
91 0.04 0.02 0.06 0.00 0.02 0.01 0.00 0.00 0.00 0.10 0.01 
92 0.03 0.02 0.06 0.00 0.02 0.01 0.00 0.00 0.00 0.09 0.01 
93 0.03 0.02 0.06 0.00 0.02 0.01 0.00 0.00 0.00 0.09 0.01 
94 0.03 0.02 0.05 0.00 0.02 0.01 0.00 0.00 0.00 0.08 0.01 
95 0.03 0.02 0.05 0.00 0.02 0.01 0.00 0.00 0.00 0.08 0.01 
96 0.03 0.02 0.05 0.00 0.02 0.00 0.00 0.00 0.00 0.07 0.01 
97 0.02 0.02 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.07 0.00 
98 0.02 0.02 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.07 0.00 
99 0.02 0.01 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.00 
100 0.02 0.01 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.00 
Total  125.67 83.78 230.39 53.14 27.58 8.43 0.80 4.59 47.75 357.06 24.27 
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Appendix C. Gasification-Pyrolysis Mass Balance  
 
Table C-1: Elemental transfer coefficients of the Thermoselect process  
  Flue gas (in %)  Mineral residues (in %) Metals (in %) Sulfur product (in %)  Salts (in %)  Heavy metal concentrate (in %)  Condensate (in %)  
H2O  9.0 0.0 0.0 0.2 0.0 0.0 90.8 
O 90.0 9.0 0.0 0.0 0.0 0.0 0.1 
H 100.0 0.0 0.0 0.0 0.0 0.0 0.0 
C 99.6 0.2 0.0 0.0 0.1 0.1 0.0 
S 1.0 18.0 7.4 65.4 3.5 0.0 4.7 
N 99.7 0.0 0.0 0.0 0.1 0.0 0.2 
P 0.0 97.8 2.2 0.0 0.0 0.0 0.0 
B 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
Cl 0.0 0.9 0.0 0.5 96.4 0.8 1.3 
Br 0.0 0.0 0.0 12.2 13.6 52.5 21.8 
F 0.1 0.0 0.0 0.5 6.0 93.2 0.1 
I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ag 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
As 0.3 22.2 8.5 6.2 2.4 60.1 0.5 
Ba 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
Cd 0.1 3.3 0.1 13.1 11.1 72.4 0.1 
Co 0.0 55.1 42.1 0.0 0.2 2.6 0.0 
Cr 0.0 120.0 18.0 0.1 0.0 1.3 0.0 
Cu 0.0 19.0 78.0 0.4 0.0 2.6 0.0 
Hg 1.4 18.2 0.0 20.6 0.1 59.8 0.1 
Mn 0.0 97.2 1.7 0.0 0.0 1.0 0.0 
Mo 0.0 19.0 78.0 0.4 0.0 2.6 0.0 
Ni 0.0 50.2 43.5 0.4 0.2 5.8 0.0 
Pb 0.0 17.0 4.1 12.7 1.9 64.3 0.0 
Sb 0.0 73.9 13.5 0.0 0.0 12.7 0.0 
Se 0.0 68.5 1.1 0.0 0.0 30.4 0.0 
Sn 0.0 26.2 10.6 4.3 0.2 58.8 0.0 
V 0.0 92.1 7.0 0.0 0.2 0.7 0.0 
Zn 0.0 13.0 2.4 5.1 0.0 79.4 0.1 
Si 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
Fe 0.0 45.0 54.0 0.1 0.0 0.9 0.0 
Ca 0.0 99.4 0.1 0.0 0.4 0.0 0.0 
Al 0.0 99.7 0.2 0.1 0.0 0.0 0.0 
K 0.0 96.0 0.1 0.2 3.6 0.0 0.0 
Mg 0.0 99.9 0.1 0.0 0.0 0.0 0.0 
Na 0.0 85.6 0.1 0.4 14.0 0.0 0.0 
   
Thesis for Master of Engineering   196 
 
Appendix D. Waste Material Elemental Compositions 
 
Table D-1: Elemental composition, water content and upper and lower heating values of waste materials (Wernet et al. 2016) 
  Aluminium  Food  Garden  Glass  Hazardous  Masonry  Metals  Plastic  Nappies  Paper  Steel  Textiles  Timber  
Upper heating value (MJ/kg) Ho 0.00 6.82 6.82 1.42 x 10
-1 - 5.53 0.00 3.41 x 101 1.98 x 101 1.66 x 101 0.00 1.98 x 101 1.54 x 101 
Lower heating value (MJ/kg) Hu 0.00 5.10 5.10 4.60 x 10
-2 1.70 x 101 5.04 0.00 3.08 x 101 1.44 x 101 1.41 x 101 0.00 1.44 x 101 1.40 x 101 
Water content H2O 0.00 6.00 x 10
-1 6.00 x 10-1 2.00 x 10-2 2.50 x 10-1 6.65 x 10-2 1.21 x 10-1 1.53 x 10-1 2.30 x 10-1 1.11 x 10-1 1.21 x 10-1 2.30 x 10-1 1.74 x 10-1 
Oxygen  O - 1.26 x 10
-1 1.26 x 10-1 4.83 x 10-1 4.00 x 10-2 5.65 x 10-1 0.00 7.37 x 10-2 2.88 x 10-1 3.79 x 10-1 0.00 2.88 x 10-1 3.72 x 10-1 
Hydrogen  H - 2.00 x 10
-2 2.00 x 10-2 - 6.10 x 10-2 6.07 x 10-2 - 1.06 x 10-1 4.98 x 10-2 5.39 x 10-2 - 4.98 x 10-2 5.02 x 10-2 
Carbon  C - 1.6 x 10-1 1.6 x 10-1 - 4.2 x 10-1 1.4 x 10-1 - 6.3 x 10-1 3.5 x 10-1 4.0 x 10-1 - 3.5 x 10-1 4.01 x 10-1 
Sulfur S - 1.50 x 10-3 1.50 x 10-3 - 3.20 x 10-2 3.21 x 10-3 - 1.41 x 10-3 1.45 x 10-2 1.41 x 10-3 - 1.45 x 10-2 1.26 x 10-4 
Nitrogen N - 4.00 x 10-3 4.00 x 10-3 - 7.40 x 10-3 3.55 x 10-4 - 6.11 x 10-3 7.09 x 10-2 3.76 x 10-3 - 7.09 x 10-2 9.87 x 10-4 
Phosphor P - 1.13 x 10-3 1.13 x 10-3 - 2.20 x 10-3 1.87 x 10-4 8.00 x 10-4 - 3.75 x 10-5 1.13 x 10-4 8.00 x 10-4 3.75 x 10-5 1.09 x 10-4 
Boron B - 1.02 x 10-3 1.02 x 10-3 - 7.00 x 10-6 7.60 x 10-7 - - - 1.72 x 10-5 - - 2.11 x 10-6 
Chlorine Cl 4.83 x 10-3 4.00 x 10-3 4.00 x 10-3 1.95 x 10-4 1.04 x 10-1 1.19 x 10-4 7.50 x 10-4 1.81 x 10-2 1.79 x 10-3 1.84 x 10-3 7.50 x 10-4 1.79 x 10-3 3.31 x 10-4 
Bromium Br - 6.00 x 10-6 6.00 x 10-6 - - - - 6.53 x 10-5 - - - - - 
Fluorine F - 2.00 x 10-4 2.00 x 10-4 - 3.70 x 10-3 7.60 x 10-6 - 1.37 x 10-5 - 1.95 x 10-5 - - 2.11 x 10-5 
Iodine I - 5.50 x 10-8 5.50 x 10-8 - - - - - - - - - - 
Silver Ag - - - - - - - - - 4.77 x 10-8 - - - 
Arsenic As - - - - - 2.33 x 10-6 - 1.77 x 10-6 6.00 x 10-8 2.05 x 10-6 - 6.00 x 10-8 4.22 x 10-7 
Barium Ba - - - - - - - 1.74 x 10-4 - 1.14 x 10-4 - - - 
Cadmium Cd 3.00 x 10-6 1.38 x 10-7 1.38 x 10-7 - 3.70 x 10-7 4.61 x 10-8 - 7.58 x 10-5 4.00 x 10-8 1.66 x 10-6 - 4.00 x 10-8 2.01 x 10-7 
Cobalt Co - 5.00 x 10-6 5.00 x 10-6 - 7.40 x 10-5 1.15 x 10-6 - 2.95 x 10-5 - 7.36 x 10-7 - - 8.68 x 10-8 
Chromium Cr - 8.00 x 10-6 8.00 x 10-6 3.03 x 10-4 1.24 x 10-4 1.39 x 10-5 1.20 x 10-3 3.81 x 10-5 5.60 x 10-7 1.45 x 10-5 1.20 x 10-3 5.60 x 10-7 6.58 x 10-7 
Copper Cu 8.50 x 10-6 1.80 x 10-5 1.80 x 10-5 7.80 x 10-6 2.67 x 10-4 3.96 x 10-6 1.36 x 10-2 2.96 x 10-4 4.46 x 10-5 6.09 x 10-5 1.36 x 10-2 4.46 x 10-5 4.15 x 10-6 
Mercury Hg - 7.00 x 10-8 7.00 x 10-8 - 7.40 x 10-7 1.26 x 10-7 - 7.92 x 10-7 6.00 x 10-11 1.39 x 10-7 - 6.00 x 10-11 3.20 x 10-7 
Manganese Mn - 4.30 x 10-6 4.30 x 10-6 - - 1.41 x 10-4 2.40 x 10-3 7.46 x 10-5 - 4.02 x 10-5 2.40 x 10-3 - 5.31 x 10-5 
Molybdenum Mo - 4.00 x 10-7 4.00 x 10-7 - - 2.99 x 10-7 - - - 4.30 x 10-6 - - 8.30 x 10-7 
Nickel Ni - 5.24 x 10-6 5.24 x 10-6 - 1.27 x 10-4 1.07 x 10-5 1.05 x 10-3 1.92 x 10-5 1.60 x 10-7 9.44 x 10-6 1.05 x 10-3 1.60 x 10-7 5.56 x 10-7 
Lead Pb 2.55 x 10-5 1.86 x 10-5 1.86 x 10-5 3.80 x 10-5 2.97 x 10-4 2.88 x 10-5 3.80 x 10-4 4.36 x 10-4 2.56 x 10-5 8.04 x 10-5 3.80 x 10-4 2.56 x 10-5 2.79 x 10-5 
Antimony Sb - - - - - 8.51 x 10-8 2.10 x 10-4 4.01 x 10-5 - 7.09 x 10-7 2.10 x 10-4 - - 
Selenium Se - 5.00 x 10-7 5.00 x 10-7 - - - - 1.96 x 10-6 - 2.58 x 10-6 - - - 
Tin Sn - 8.00 x 10-6 8.00 x 10-6 - - 8.51 x 10-7 6.70 x 10-4 2.45 x 10-5 - - 6.70 x 10-4 - - 
Vanadium V - 3.00 x 10-6 3.00 x 10-6 - - 1.48 x 10-5 2.50 x 10-4 2.69 x 10-4 - - 2.50 x 10-4 - - 
Zinc Zn 2.90 x 10-5 5.82 x 10-5 5.82 x 10-5 3.90 x 10-6 2.38 x 10-3 5.80 x 10-5 2.02 x 10-4 5.22 x 10-4 1.05 x 10-4 1.25 x 10-4 2.02 x 10-4 1.05 x 10-4 1.78 x 10-5 
Silicon Si - 4.00 x 10-2 4.00 x 10-2 3.59 x 10-1 8.04 x 10-2 2.46 x 10-2 3.10 x 10-2 - - 2.13 x 10-2 3.10 x 10-2 - - 
Iron  Fe - 6.00 x 10-4 6.00 x 10-4 - - 6.43 x 10-3 8.15 x 10-1 3.48 x 10-3 - 1.19 x 10-3 8.15 x 10-1 - 1.55 x 10-5 
Calcium Ca - 2.18 x 10-2 2.18 x 10-2 7.28 x 10-2 - 1.17 x 10-1 - - - 3.44 x 10-3 - - 1.31 x 10-4 
Aluminium Al 9.95 x 10-1 1.00 x 10-2 1.00 x 10-2 - - 8.58 x 10-3 1.02 x 10-2 1.87 x 10-4 - 1.24 x 10-2 1.02 x 10-2 - 6.33 x 10-6 
Potassium K - 3.50 x 10-3 3.50 x 10-3 - - 2.35 x 10-5 - - - 1.33 x 10-3 - - 6.54 x 10-5 
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Magnesium Mg - 2.82 x 10-3 2.82 x 10-3 - - 7.11 x 10-5 - - - 4.30 x 10-3 - - 1.98 x 10-4 
Sodium Na - 1.50 x 10-3 1.50 x 10-3 6.45 x 10-2 - 2.64 x 10-3 - 1.37 x 10-3 - 9.19 x 10-4 - - 1.41 x 10-5 
Total   1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 
